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ABSTRACT 
Missions f o r  a u x i l i a r y  electric propuls ion  a r e  
reviewed, inc luding  d i f f i c u l t  f u t u r e  missions.  The 
p resen t  s t a t u s  of e lectr ic  propuls ion  a p p l i c a t i o n s  i s  
summarized. This summary inc ludes  electric propuls ion 
systems i n  missions a l ready  flown and i n  d e f i n i t e l y  
scheduled f l i g h t s  through 1 9 6 9 .  Some advanced concepts 
a r e  descr ibed  t h a t  have promise of providing s u p e r i o r  
performance. These advanced cpncepts i nc lude  thermal 
augmentation of r e s i s t o j e t s  f o r  NORL c l a s s  s p a c e c r a f t ,  
supersonic  power a d d i t i o n  i n  e l ec t ro the rma l  t h r u s t e r s ,  
higher-vol t age  s o l a r -  ce l l  a r r a y s  f o r  charged-par t i c k  
t h r u s t e r s  and f o r  bombardment t h r u s t e r  s y s  t e m s  , and 
r ad io i so tope  e l ec t rogene ra to r s '  f o r  charged-par t ic le  
t h r u s t e r s  and f o r  pulsed-plasma t h r u s t e r s .  
AUX L I M Y  ELECTRIC PROPULSION - STAT IS AFiD PROSPECTS 
1' 
W i l l i a m  R. Mickelsen" 
Colorado S t a t e  Universi ty  
and 
W i l l i a m  C .  I s l ey**  
Goddard Space F l i g h t  Center 
INTRODUCTION 
Mission requirements have played a very important  r o l e  
i n  t h e  d i r e c t i o n  of development f o r  e lectr ic  propuls ion 
systems i n  t h e  mill ipound and micropound t h r u s t  regimes. 
A s  e a r l y  as 1 9 6 2 ,  it w a s  recognized by many workers i n  t h e  
f i e l d  t h a t  systems i n  t h e  "micro- thrust"  range would be 
requi red  f o r  a number of s p a c e c r a f t  app l i ca t ions .  
t he  f i rs t  s p e c i f i c  case evolved from s t u d i e s  of 2 4  hour 
synchronous s p a c e c r a f t ,  where r e a c t i o n  jets were found t o  
be necessary f o r  east-west  s t a t i o n  keeping. As i n i t i a l  
missions involved s p i n  s t a b i l i z e d  s a t e l l i t e s ,  t h e  problems 
w e r e  complicated by t h e  requirement f o r  pu l s ing  of jets i n  
synchronism wi th  t h e  s p i n  pe r iod  i n  o rde r  t o  provide s t a t i o n  
keeping. 
t h e  choice f o r  f l i g h t  a p p l i c a t i o n  p r imar i ly  because 
p r o p e l l a n t  weight requirements w e r e  smal l  and no a l t e r n a t e  
electric propuls ion approach had been developed t o  a p o i n t  
s u i t a b l e  f o r  f l i g h t  use.  
Probably 
Cold gas n i t rogen  and peroxide systems emerged as 
The  e a r l y  mission s t u d i e s  gave r ise  t o  a wide v a r i e t y  
of R&D a c t i v i t i e s  t o  provide e lec t r ic  t h r u s t  systems f o r  
t h e  f u t u r e  missions ( r e f .  1). The r e s i s t o j e t s ,  i o n  micro- 
t h r u s t e r s ,  and plasma devices  w e r e  b u t  a few concepts t h a t  
grew o u t  of t h e  a n t i c i p a t e d  need f o r  smal l  s ta t ion-keeping 
systems. A s  more s e r i o u s  concern w a s  given t o  north-south 
s t a t i o n  keeping of s p a c e c r a f t ,  a t t e n t i o n  turned t o  the  
h igher  s p e c i f i c  impulse concepts such as bombardment, s t r i p -  
i o n ,  and c o l l o i d  t h r u s t e r s ,  which could ope ra t e  a t  t h r u s t  
l e v e l s  from 300 t o  500 micropounds, I n  t h i s  case p r o p e l l a n t  
weight has become a s t rong  f a c t o r  i n  system s e l e c t i o n .  A 
number of a p p l i c a t i o n  s t u d i e s  were performed t o  a s ses s  
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optimum t h r u s t  l e v e l s ,  t h e  advantages of t h r u s t  v e c t o r  
d e f l e c t i o n ,  and propuls ion  system conf igura t ion  (refs. 2 - 4 ) .  
The r e s u l t s  of such i n v e s t i g a t i o n s  gene ra l ly  poin ted  t o  t he  
s t rong  i n f l u e n c e  of onboard electrical  power f o r  system 
opera t ion .  For example, approximately 75 watts i s  requi red  
t o  ope ra t e  a 350 micropound cesium i o n  bombardment micro- 
t h r u s t e r  f o r  north-south s t a t i o n  keeping of a 24  hour 
s p a c e c r a f t .  T h i s  power d r a i n  would be r e l a t i v e l y  cons tan t  
f o r  a s p a c e c r a f t  weight of 1 , 5 0 0  pounds. 
The s e r i o u s  cons ide ra t ion  of grav i ty-gradien t  o r i e n t e d  
s p a c e c r a f t  i n  a 2 4  hour o r b i t  l e d  t o  y e t  another  mission 
a p p l i c a t i o n  f o r  e lectr ic  propuls ion.  I t  w a s  discovered t h a t  
t h r u s t  l e v e l s  i n  t h e  range from 1 0  t o  30 micropounds would 
be r equ i r ed  f o r  east-west s t a t i o n  keeping i n  t h e  presence 
o€ g r a v i t y  s t a b i l i z i n g  torques.  E la s t i c  body e f f e c t s  
a s soc ia t ed  wi th  t h e  long boom extens ions  on such  s p a c e c r a f t  
would cause a motion of t h e  c e n t e r  of mass with r e s u l t i n g  
a t t i t u d e  d i s tu rbance  torques on t h e  main body during 
t r a n s l a t i o n a l  c o r r e c t i o n s  due t o  t h r u s t e r  misalignments.  
The maximum pe rmis s ib l e  t h r u s t  l e v e l  f o r  east-west  s t a t i o n  
keeping w a s  e s t a b l i s h e d  a s  t h a t  value which could tumble t h e  
s p a c e c r a f t  w i th in  a p re sc r ibed  t i m e  i n t e r v a l .  A s  an out- 
growth of t h i s  problem, beam-vectored t h r u s t e r s  appeared 
q u i t e  a t t r a c t i v e  f o r  minimizing such a t t i t u d e  d is turbances .  
The most r e c e n t  mission a p p l i c a t i o n s  p e r t a i n  t o  
a t t i t u d e  f i n e  po in t ing  and slewing of l a r g e  d i s h  antennas i n  
a 2 4  hour o r b i t .  The use of e lectr ic  propuls ion devices  f o r  
such purposes has  been ex tens ive ly  s t u d i e d  ( r e f s .  5 ,6)  t o  
e s t a b l i s h  r e l a t i v e  advantages w i t h  r e s p e c t  t o  o t h e r  com- 
p e t i t o r s  such as momentum wheels ,  c o n t r o l  moment gyros,  and 
s i m i l a r  concepts .  Such s t u d i e s  have ind ica t ed  t h a t  near- 
t e r m  a p p l i c a t i o n s  w i l l  be decided p r imar i ly  on i n h e r e n t  
r e l i a b i l i t y  of competing approaches r a t h e r  than s i z e ,  
weight,  o r  power a lone .  Devices such as momentum wheels 
have a f i x e d  weight pena l ty ,  b u t  r e q u i r e  e lectr ical  power i n  
amounts d i c t a t e d  by slewing r a t e s ,  s o l a r  p re s su re  p r o f i l e ,  
and r equ i r ed  maneuvering ac t ion .  Generally speaking, such 
devices  a l s o  r e q u i r e  onboard r e a c t i o n  jets t o  enable  
unloading of wheels i n t e r m i t t e n t l y ,  so t h a t  t h i s  a d d i t i o n a l  
weight pena l ty  should be  included i n  comparisons. 
From a mission planning s t andpo in t  t h e  f u t u r e  prospec ts  
f o r  s p a c e c r a f t  a u x i l i a r y  electric propuls ion appear t o  be 
promising. I n  a d d i t i o n  t o  t h e  follow-on f l i g h t s  i n t o  24  
hour o r b i t  involv ing  s t a t i o n  keeping, it i s  foreseen  t h a t  
l a r g e r  s p a c e c r a f t  i n  spinning modes w i l l  be  placed i n  2 4  
hour o r b i t ,  where p r e c i s e  a t t i t u d e  c o n t r o l  w i l l  be needed 
f o r  precess ion  of t he  s p i n  ax i s .  Three-axis s t a b i l i z e d  
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s p a c e c r a f t  should become l a r g e r  i n  s i z e  and weight,  
n e c e s s i t a t i n g  g r e a t e r  t o t a l  impulse f o r  o r b i t  co r rec t ion .  
The MORL i s  b u t  one example of t h i s  t rend.  
and f u t u r e  prospec ts  of e lec t r ic  propuls ion ,  t h e  t r e n d  
appears t o  be tu rn ing  s t r o n g l y  i n  t h e  d i r e c t i o n  of t o t a l  
systems design approach rather than  simple phys ica l  . 
t r a d e o f f s .  T h e  development c o s t s  w i l l  d e f i n i t e l y  p l ay  an  
important  r o l e  i n  s e l e c t i o n  of f u t u r e  concepts.  To t h i s  
p o i n t ,  mission requirements have been p r imar i ly  l i m i t e d  t o  
a p p l i c a t i o n s  i n  a 24 hour o r b i t .  There are a t  least  two 
o t h e r  i n t e r e s t i n g  missions t h a t  w i l l  be mentioned here. 
A s  t h e  observer  looks f u r t h e r  i n t o  t h e  p o t e n t i a l i t i e s  
The requirements f o r  Ear th  observa t ion  s p a c e c r a f t  using 
s o l a r  power p r e s e n t  unique requirements f o r  o r b i t  con t ro l .  
A t y p i c a l  example i s  a s p a c e c r a f t  loca ted  i n  a nominal 
480 n a u t i c a l  m i l e  c i r c u l a r  o r b i t  which i s  i n c l i n e d  1 0 1 . 9  
degrees with r e s p e c t  t o  t h e  equator .  T h i s  o r b i t  provides  
both sun synchronism t o  maximize power and a near- 
synchronous e a r t h  ground t r a c k  a t  t h e  equator  c ross ings .  
The mission o b j e c t i v e  i s  t o  maintain t h e  ground t r a c k  with 
regard t o  over lap  i n  p i c t u r e  coverage a t  success ive  p e r i o d i c  
c ross ings .  T h e  s e n s i t i v i t y  t o  o r b i t  v a r i a t i o n s  i s  demon- 
s t r a t e d  by t h e  f a c t  t h a t  a 0 . 6  n a u t i c a l  m i l e  change i n  
semi-major a x i s  produces a 1 0  n a u t i c a l  m i l e  change i n  over- 
l a p  o u t  of a t o t a l  p i c t u r e  width of 96  n a u t t c a l  m i l e s .  
S tudies  of t h e  long t e r m  maintenance of such an o r b i t  have 
shown t h a t  onboard r e a c t i o n  jets w i l l  be r equ i r ed  fo r  
mission l i f e t i m e s  i n  excess  of one yea r  assuming p e r f e c t  
i n i t i a l  i n j e c t i o n  ( ref .  7 ) .  The t o t a l  impulse requirements 
appear t o  be w e l l  s u i t e d  t o  a number of e lectr ic  propuls ion 
concepts.  
Another mission p o s s i b i l i t y  i s  t h e  Hummingbird 
sa te l l i t e ,  which would be  loca ted  a t  one of t h e  l i b r a t i o n  
p o i n t s  i n  t h e  earth-moon system t o  s e r v e  a s  a communications 
r e l a y  p o i n t  i n  Apollo o r  post-Apollo missions.  Ear ly  
s t u d i e s  have i n d i c a t e d  t h a t  e lec t r ic  propuls ion may be t h e  
p r e f e r r e d  approach fo r  o r b i t  maintenance a g a i n s t  g rav i -  
t a t i o n a l  pe r tu rba t ions .  Fur ther  s tudy  w i l l  be r equ i r ed  t o  
o b t a i n  a f i r m  d i r e c t i o n  f o r  development a c t i v i t i e s .  
CURFU3NT STATUS SUMMARY 
A b r i e f  summary is  given he re  of major d i r e c t i o n s  of 
hardware development and a p p l i c a t i o n s  i n  s p a c e c r a f t  
a u x i l i a r y  e lectr ic  propuls ion.  A more d e t a i l e d  d e s c r i p t i o n  
of e lectr ic  propuls ion  f o r  prime onboard equipment, and f o r  
f l i g h t  experiments,  w i l l  be found i n  r e f .  1. The s t a t u s  of 
prime-onboard o p e r a t i o n a l  systems (OS) and f l ight-experiment  
systems (FE) i s  summarized i n  Table I. 
Operat ional  F l i g h t  Systems 
The r e s i s t o j e t ,  i n  a gene ra l  s ense ,  r e p r e s e n t s  t h e  
most b a s i c  a t tempt  t o  improve propuls ion system performance 
over cold-gas and a v a i l a b l e  chemical devices .  Two b a s i c  
avenues w e r e  followed i n  R&D programs f o r  t h e  r e s i s t o j e t .  
The f i r s t  approach t r e a t e d  t h e  t h r u s t e r  as a thermal 
s to rage  device  which would b e  opera ted  under quas i  s teady 
s t a t e  condi t ions  i n  a p u l s e  mode manner, This technique 
maximizes r e a l i z a b l e  s p e c i f i c  impulse f o r  b r i e f  p u l s e  
du ra t ions  (of t h e  o r d e r  of minutes) by t h e  use of s t o r e d  
h e a t  t o  maintain plenum gas temperature.  For long-term 
pu l ses  (continuous ope ra t ion )  such a t h r u s t e r  would degrade 
i n  s p e c i f i c  impulse t o  match t h e  end-point energy balance.  
Figure 1 shows a s ing le-nozz le  ve r s ion  of t h e  TRW 
Systems r e s i s t o j e t ,  s u c c e s s f u l l y  flown on a Vela 111 space- 
c r a f t  i n  1965. The des ign  approach w a s  simply t o  h e a t  t h e  
convent ional  n i t rogen  p r o p e l l a n t  t o  a h igher  temperature 
using an e l e c t r i c a l  h e a t e r  and thermal i n s u l a t i o n  on t h e  
t h r u s t e r  body. A l a te r  ve r s ion  of t h e  TRW r e s i s t o j e t  is  
shown i n  Figure 2 .  This r e p r e s e n t s  a m u l t i j e t  t h r u s t e r  
flown s u c c e s s f u l l y  on an Advanced Vela spacecra.ft  i n  1967.  
Again n i t rogen  was employed as p r o p e l l a n t  i n  a convent ional  
system. Figure 3 presen t s  a s i n g l e - j e t  ve r s ion  of a thermal 
s to rage  r e s i s t o j e t  b u i l t  by General E lec t r i c  and flown on an 
NRL s p a c e c r a f t  i n  1 9 6 7 .  This  t h r u s t e r  ope ra t e s  from ammonia 
p r o p e l l a n t ,  which i s  s t o r e d  a s  a l i q u i d  i n  a tank and f e d  by 
c a p i l l a r y  a c t i o n  t o  t h e  t h r u s t e r .  
The second design approach f o r  t h e  r e s i s t o j e t  w a s  
employed by AVCO Corporation as shown i n  F igure  4. H e r e ,  
emphasis was placed upon ob ta in ing  f a s t  heatup of t h e  
p r o p e l l a n t  con tac t  s u r f a c e  by minimizing t h e  thermal m a s s  of 
t h e  hea t ing  region.  The r e s u l t i n g  t h r u s t e r  has a genera l  
appearance of a hypodermic needle  where p r o p e l l a n t  is  
i n j e c t e d  through t h e  needle  and t h e  ends of t h e  needle a r e  
r e s i s t i v e l y  heated. Experimental  systems of t h i s  type w e r e  
b u i l t  and flown on t h e  ATS B and C s p a c e c r a f t ,  and advanced 
vers ions  w i l l  be prime-onboard equipment on t h e  ATS D and E 
spacec ra f t .  
The t r adeof f  f a c t o r s  between t h e  two design approaches 
depend heav i ly  upon t h e  in tended  use,  s p e c i f i c a l l y  t h e  pu l se  
length  and r equ i r ed  duty cyc le .  For a t t i t u d e  c o n t r o l  having 
very low duty cyc le ,  t h e  pulsed-mode r e s i s t o j e t  o f f e r s  
s i g n i f i c a n t  power sav ings .  For long-term pu l s ing  o r  high 
duty cyc le  t h e  thermal-s torage resistojet  appears a t t r a c t i v e  
because of t h e  h ighe r  ob ta inab le  s p e c i f i c  impulse. 
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F l i g h t  Experiment Sys t e m s  
I n  a d d i t i o n  t o  t h e  r e s i s t o j e t  programs which have 
a t t a i n e d  a f l i g h t  s t a t u s ,  t h e r e  are a number of f l i g h t  
experiment systems p r e s e n t l y  under development t o  assess 
t h e i r  performance c a p a b i l i t i e s  i n  space f o r  mission 
func t ions  s i m i l a r  t o  t hose  prev ious ly  descr ibed.  These 
systems a r e  scheduled t o  f l y  i n  t h e  A i r  Force multi-purpose 
synchronous s a t e l l i t e  program (AFMS), on t h e  ATS D and E 
s p a c e c r a f t ,  and i n  t h e  LES program (ref. 8 ) .  
The G e n e r a l  Electr ic  Company ammonia thermal-storage 
r e s i s t o j e t  shown i n  Figure 5 i s  designed t o  demonstrate 
mul t ip l e  (redundant) exhaust  je ts  f o r  s ta t ion-keeping  
func t ions  i n  t h e  AFMS program. GE i s  a l s o  developing f o r  
NASA Goddard a similar res is tojet  where t h e  nozzle config- 
u r a t i o n  w i l l  provide combined a t t i t u d e  c o n t r o l  and s t a t i o n -  
keeping from a s i n g l e  t h r u s t e r  module and h e a t e r .  Also 
included i n  t h e  AFMS program a r e  t h e  Elec t ro-Opt ica l  
Sys t ems ,  Inc .  cesium electron-bombardment t h r u s t e r ,  f o r  
north-south s t a t i o n  keeping, shown i n  Figure 6 ;  and t h e  
TRW Systems l iqu id-spray  charged-par t ic le  t h r u s t e r  f o r  
east-west s t a t i o n  keeping and yaw c o n t r o l ,  shown i n  Figure 7.  
Figure 8 shows a cesium c o n t a c t  ion  mic ro th rus t e r  with 
beam vec tor ing  c a p a b i l i t y  which is now under development a t  
E lec t ro-Opt ica l  Systems f o r  t e s t i n g  on t h e  ATS D and E 
spacec ra f t .  I n  a d d i t i o n  t o  eva lua t ing  system behavior t h i s  
experiment w i l l  a l s o  permit  a demonstration of east-west 
s t a t i o n  keeping t h r u s t  l e v e l s  on a g r a v i t y  g r a d i e n t  
s t a b i l i z e d  s p a c e c r a f t .  
Pulsed-plasma t h r u s t e r s  have also reached a development 
s t a g e  where f l i g h t  experiments can be scheduled. The 
Republic Aviat ion Div is ion  of t h e  F a i r c h i l d  H i l l e r  
Corporation is  prepar ing  a so l id -p rope l l an t  pulsed-plasma 
t h r u s t e r  system f o r  t h e  LES f l i g h t  program. 
The ATS F and G s p a c e c r a f t  programs p r e s e n t l y  under 
s tudy might be v e h i c l e s  for  t e s t i n g  advanced vers ions  of a 
number of t h r u s t e r  systems d iscussed  so far .  
ADVANCED CONCEPTS 
There are a number of advanced concepts i n  a u x i l i a r y  
electric propuls ion t h a t  have promise of providing supe r io r  
performance, g r e a t e r  r e l i a b i l i t y ,  and b e t t e r  matching with 
t h e  s p a c e c r a f t  i n t e r f a c e .  Some of these concepts have been 
mentioned previous ly  i n  r e fe rence  9 ,  b u t  are d iscussed  
f u r t h e r  here, and i n  add i t ion ,  some new concepts a r e  
presented.  
Radioi s o j e t 
A direct a l t e r n a t e  t o  t h e  r e s i s t o j e t  c l a s s  of t h r u s t e r s  
i s  t h e  Rad io i so je t ,  which employs a r ad io i so tope  thermal 
source i n  p l ace  of t h e  electrical  h e a t e r  (ref.  1 0 ) .  Ear ly  
development w o r k - f o r  such t h r u s t e r s  has been c a r r i e d  o u t  by 
General Electr ic  Company and TRW Systems. The GE approach 
employs promethium-147 oxide as t h e  h e a t  source,  a n d ' t h e  
t h r u s t e r  conf igu ra t ion  i s  shown i n  Figure 9 .  The TRW 
Systems design approach employs Pu-238 as t h e  h e a t  source 
i n  a t h r u s t e r  conf igu ra t ion  somewhat s i m i l a r  t o  t h a t  
p rev ious ly  shown. The major f a c t o r s  i n  s e l e c t i o n  of b e s t  
r ad io i so tope  l i e  i n  requirements f o r  r a d i a t i o n  s h i e l d i n g  
and aerospace s a f e t y  f o r  a f l i g h t  u n i t .  
During tests of t h e  Rad io i so je t ,  ammonia p rope l l an t  
temperatures of 1270'K w e r e  a t t a i n e d .  For reasons t h a t  
w i l l  become clear i n  t h e  ensuing t e x t ,  t he  Rad io i so je t  
technology i s  an important  and e s s e n t i a l  e l e m e n t  i n  a 
number of advanced e lec t r ic  propuls ion  concepts.  
MORL R e s i s t o j e t  
The manned o r b i t i n g  research  l abora to ry  (MORL) i s  a 
poss ib l e  unique a p p l i c a t i o n  f o r  e lec t r ic  propuls ion i n  t h e  
foreseeable  f u t u r e .  S tud ie s  by t h e  McDonnell Douglas 
Corporation (ref.  11) have shown t h a t  a r e s i s t o j e t  
propuls ion system (Figure  LO) opera t ing  wi th  biowaste 
p r o p e l l a n t  would s e r v e  w e l l  f o r  drag cancel l -a t ion and f o r  
a t t i t u d e  c o n t r o l  i n  conjunct ion w i t h  control-moment gyros.  
The EC/LS system f o r  a 6 - c r e w  MORL could c o n s i s t  b a s i c a l l y  
of an e l e c t r o l y s i s  u n i t  t o  produce oxygen from water  
suppl ied  p e r i o d i c a l l y  t o  t h e  s p a c e c r a f t .  A major 
c o n s t i t u e n t  of t h e  biowaste would be  carbon d ioxide  gas ,  
which would provide more than s u f f i c i e n t  p r o p e l l a n t  f o r  a l l  
propuls ion requirements.  
Because of ox id i z ing  impur i t i e s  i n  t h e  carbon dioxide 
biowaste,  it appears t h a t  r e s i s t o j e t  ope ra t ion  may be  
l i m i t e d  t o  3000'R plenum temperature.  With 4 0  p s i a  plenum 
pres su re ,  t h e  performance of such a resistojet  would b e  
about 4 w a t t  (e lec t r ic )  /mill ipound a t  a s p e c i f i c  impulse of 
1 7 8  seconds (re.f. 11). 
A p o s s i b l e  way of improving t h i s  performance i s  by 
combining Rad io i so je t  technology with t h e  carbon-dioxide 
r e s i s t o j e t  i n  t h e  ATEP concept (augmented thermally e lec t r ic  
p ropu l s ion ) .  P r i n c i p l e s  and advantages of t h e  ATEP concept 
are described and analyzed i n  r e f .  1 2 .  T h e  diagram i n  
Figure 11 i l l u s t r a t e s  a hypo the t i ca l  a p p l i c a t i o n  t o  t he  
MORL electric propuls ion  system. I f  t h e  r ad io i so tope  h e a t e r  
6 
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performance could approach t h a t  of t h e  Rad io i so je t ,  then t h e  
carbon d ioxide  could be  thermally heated t o  1200°K, and then  
l i m i t ,  A s  shown i n  Figure 1 2 ,  t h e  ATEP concept with radio-  
i so tope  pre-heat ing of t h e  p r o p e l l a n t  might lower t h e  power,' 
t h r u s t  t o  1 . 7  w a t t  ( e l ec t r i c ) /mi l l i pound .  This r educ t ion  i n  
electric power could be very s i g n i f i c a n t  i n  missions of 
t h e  MORL type.  
' e l e c t r i c a l l y  hea ted  t o  the 3000°R (1670'K) compa t ib i l i t y  
-. . . _. 
Supersonic H e a t  Addition i n  Elec t ro thermal  Thrus te rs  
Another a p p l i c a t i o n  of t h e  ATEP concept i s  h e a t  
add i t ion  t o  supersonic  streams by e lectr ical  means. I n  
p r i n c i p l e ,  s i g n i f i c a n t  i nc reases  i n  s p e c i f i c  impulse are 
p o s s i b l e ,  without  i n c u r r i n g  d i s s o c i a t i o n  o r  i o n i z a t i o n  
l o s s e s  i n  t h e  near  f rozen  flow t o  be expected i n  e l e c t r o -  
thermal t h r u s t e r s .  Analyses r epor t ed  i n  refs. 13 and 1 4  
have shown t h a t  t h e  mode of h e a t  add i t ion  has a very g r e a t  
e f f e c t  on the  nozzle  area r a t i o  t h a t  i s  requi red  t o  reach 
s i g n i f i c a n t l y  h igher  exhaust  v e l o c i t i e s .  The b e s t  hea t ing  
mode repor ted  t o  date i s  a l i n e a r  r e l a t i o n  between h e a t  
add i t ion  and nozzle  c ros s - sec t iona l  area, and t h i s  mode i s  
used h e r e  merely f o r  want of bet ter  information.  
Theoretical performance of a l i t h i u m  e l ec t ro the rma l  
t h r u s t e r  with supersonic  h e a t  add i t ion  i s  shown i n  Figure 
13. An a r e a  r a t i o  of 1 0 0  is  assumed f o r  t h e  nozzle ,  as 
being r e p r e s e n t a t i v e  of an optimum rea l i s t ic  design 
( r e f .  1 5 ) .  Plenum temperature i s  assumed t o  be 2500°K, 
which i s  i n  keeping w i t h  demonstrated r e s i s t o j e t  
temperatures ( r e f .  1 6 )  , and a n e g l i g i b l e  exhaust  p re s su re  
i s  assumed. Even wi th  t h e  non-optimum mode of supersonic  
h e a t  a d d i t i o n ,  s i g n i f i c a n t  i nc reases  i n  s p e c i f i c  impulse 
are i n d i c a t e d  as t h e  t o t a l  temperature i s  increased .  This  
i n c r e a s e  i n  s p e c i f i c  impulse appears p o s s i b l e  wi th  
n e g l i g i b l e  change i n  power/thrust .  With a f u l l y  optimized 
mode of heat a d d i t i o n ,  even b e t t e r  performance i s  
a n t i c i p a t e d ,  as d iscussed  i n  r e f .  1 4 .  
Even more d.ramatic improvement i n  performance i s  
p red ic t ed  when a combination of thermal augmentation and 
supersonic  h e a t  a d d i t i o n  i s  employed, as shown i n  Figure 1 4 .  
Much of t h e  improvement i s  due t o  t h e  high h e a t  of 
vapor i za t ion  of l i t h ium.  A s  wi th  t h e  carbon-dioxide 
r e s i s t o ' e t ,  r ad io i so tope  thermal hea t ing  of t h e  p r o p e l l a n t  
t o  1 2 0 0  K i s  assumed, which i s  wi th in  t h e  p r e s e n t  s t a t e -o f -  
t h e - a r t  f o r  Rad io i so je t  technology. I t  must be noted t h a t  
thermal h e a t i n g  of l i t h ium t o  1200°K would provide a vapor 
p re s su re  of on lx-1 .5  t o r r ,  w h i l e  thermal o r  e lectr ic  
hea t ing  t o  1600 k would provide a vapor p r e s s u r e  of 1 
atmosphere. For t h i s  reason., thermal hea t ing  t o  the  h igher  
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temperature would be  advantageous. Fur ther  improvement i n  
Rad io i so je t  design could allow increased  thermal hea t ing  of 
t h e  l i t h i u m  p r o p e l l a n t ,  w i t h  a t t e n d a n t  reduct ion  of t h e  
electric power requirements.  I n  add i t ion ,  f u r t h e r  
improvement i n  performance w i t h  supersonic  h e a t  a d d i t i o n  
should be p o s s i b l e  wi th  optimized modes of h e a t  add i t ion .  
Higher-Voltage Solar-Cel l  Arrays 
Advantages of higher-vol tage s o l a r - c e l l  a r r a y s  are 
d iscussed  i n  ref. 9 w i t h  regard  t o  system weight and 
r e l i a b i l i t y  of i on  t h r u s t e r s .  A s  m o r e  f l igh t -sys tem 
experience i s  gained,  it becomes i n c r e a s i n g l y  ev iden t  t h a t  
t h e  power condi t ion ing  needed t o  provide k i l o v o l t s  of 
e lectr ic  power f o r  e l e c t r o s t a t i c  t h r u s t e r s  i s  a s e r i o u s  
de t r iment  t o  system r e l i a b i l i t y .  Operation of s o l a r - c e l l  
a r r a y s  a t  hundreds of v o l t s  could completely e l i m i n a t e  
power condi t ioning.  Some work i s  p r e s e n t l y  being done t o  
i n v e s t i g a t e  t h e  f e a s i b i l i t y  of opera t ing  t h e  solar  a r r ays  
a t  h ighe r  vol tage  ( r e f .  1 7 ) .  
I 
I n  t h e  s p e c i f i c  impulse range normally dominated by 
r e s i s t o j e t s ,  it appears p o s s i b l e  t o  o b t a i n  good performance 
from t h e  l iqu id-spray  charged-par t ic le  t h r u s t e r  w i th  
vol tages  i n  t he  hundreds of v o l t s .  A s  shown i n  Figure 15, 
a s o l a r - c e l l  a r r a y  vo l t age  of 400 v o l t s  could provide a 
s p e c i f i c  impulse of 280 seconds w i t h  charged-par t ic le  
q/m = 1 0 , 0 0 0  coulomb/kg, which i s  a p r e s e n t l y  a t t a i n a b l e  
value ( r e f .  1 8 ) .  Performance of t h e  l iqu id-spray  t h r u s t e r  
a t  280 seconds s p e c i f i c  impulse i s  d e f i n i t e l y  competi t ive 
with convent ional  r e s i s t o j e t s .  I f  even h igher  s o l a r - c e l l -  
could exceed t h e  s p e c i f i c  impulse of present-day r e s i s t o j e t s  
i n  the  low micro-pound t h r u s t  range. - 
a a r r a y  vol tages  w e r e  p o s s i b l e ,  t h e  l iqu id-spray  t h r u s t e r  
E l e c t r o s t a t i c  i on  t h r u s t e r  performance may be very ~ 
a t t r a c t i v e  wi th  only moderate i n c r e a s e s  i n  so l a r - ce l l - a r r ay  
vo l t age ,  as shown i n  F igure  1 6 .  The hypo the t i ca l  t h r u s t e r  
used f o r  these theoret ical  c a l c u l a t i o n s  was assumed t o  have 
t h e  demonstrated performance of a cesium hollow cathode, 
with to ta l - throughput  i o n  o p t i c s  (ref.  19), and adequate 
power d e n s i t y  by v i r t u e  of a composite-grid a c c e l e r a t o r  
s t r u c t u r e  ( r e f .  2 0 ) .  S a t i s f a c t o r y  ope ra t ion  with composite 
g r i d  a c c e l e r a t o r s  has  been achieved i n  1 0 0  hour tests with 
t h r u s t e r s  from 5 c m  t o  30 c m  i n  s i z e ,  and with n e t  
a c c e l e r a t i n g  vo l t ages  from 400 t o  1 0 0 0  v o l t s  ( r e f .  2 1 ) .  
Power/thrust  f o r  t h e  hypo the t i ca l  t h r u s t e r  wi th  other a l k a l i  
p r o p e l l a n t s  w a s  c a l c u l a t e d  w i t h  t h e  assumption t h a t  t h e  
cathode power consumption (ev/ion) would b,e p ropor t iona l  t o  
t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  of t h e  p r o p e l l a n t .  
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From t h i s  b r i e f  examination of t he  performance of two 
extremes of e l e c t r o s t a t i c  t h r u s t e r s  (with r e s p e c t  t o  charge/ 
m a s s  of p r o p e l l a n t ) ,  it i s  ev iden t  t h a t  much would be 
gained i f  s o l a r - c e l l  a r r a y s  could be opera ted  a t  hundreds 
of v o l t s .  
. The ACCENT System 
A new concept i n  a u x i l i a r y  e lectr ic  propuls ion i s  
c a l l e d  ACCENT ( f o r  autogenically-controlled-cesium-, or 
co l lo id - ,  e l ec t ro -nuc lea r - th rus t  system) . This concept 
o f f e r s  promise of s i g n i f i c a n t  reduct ions  i n  p r o p e l l a n t  mass 
and i n  demands on t h e  s p a c e c r a f t  power system, and by 
v i r t u e  of t h e  smal l  number of components, t h e  ACCENT system 
o f f e r s  g r e a t l y  improved r e l i a b i l i t y  ( r e f .  2 2 ) .  High-voltage 
dc  electric power i s  generated i n  a r ad io i so tope  e l e c t r o -  
gene ra to r  (€?J3G) as  descr ibed  i n  refs. 22  and 23,  thereby 
e l imina t ing  t h e  complex power condi t ion ing  needed f o r  
convent ional  e l e c t r o s t a t i c  i on  and c o l l o i d  t h r u s t e r s ,  and 
f o r  pulsed-plasma t h r u s t e r s .  
i so tope  hea t ing  of t h e  i o n i z e r  would be requi red .  Low- 
vo l t age  power f o r  t h e  n e u t r a l i z e r  and c o n t r o l  c i r c u i t r y  
could be provided by inco rpora t ing  r ad io i so tope  thermo- 
e lectr ic  genera tors  (RTG) . 
The REG performance improves a s  ope ra t ing  vo l t age  is 
i nc reased ,  reaching a maximum e f f i c i e n c y  a t  about 5 0 , 0 0 0  
v o l t s  when promethium-147 i s  t h e  f u e l .  T h i s  high-voltage 
c a p a b i l i t y  makes the  ACCENT system e s p e c i a l l y  w e l l  s u i t e d  
t o  t h e  l iqu id-spray  charged-par t ic le  t h r u s t e r .  With t h e  
b i -polar  l iqu id-spray  t h r u s t e r ,  there i s  no n e u t r a l i z e r ,  
and propel lan t - feed  power requirements could be  suppl ied  by 
w a s t e  h e a t  from t h e  REG. Low-voltage power f o r  c o n t r o l  
c i r c u i t r y  could be drawn from t h e  s p a c e c r a f t  power system, 
or could be generated by an i n t e g r a l  RTG wi th in  t h e  REG 
containment v e s s e l .  Hypothet ical  ACCENT syskems w i t h  20  
micropound and 350 micropound b i -po la r  l iqu id-spray  
t h r u s t e r s  are shown i n  F igures  1 7  and 18 .  Although REG of 
such des igns  have n o t  been developed, t h e r e  i s  s u f f i c i e n t  
experimental  background t o  i n d i c a t e  fundamental f e a s i b i l i t y  
(refs. 22  and 23) .  I n  f a c t ,  some c h a r a c t e r i s t i c s  of t h e  FLEG 
would b e  e s p e c i a l l y  compatible w i t h  e l e c t r o s t a t i c  t h r u s t e r s ;  
f o r  i n s t a n c e ,  an e lectr ic  breakdown i n  t h e  t h r u s t e r  would 
merely d r a i n  t h e  REG much l i k e  a capac i to r  d i scharge ,  
thereby au tomat ica l ly  l i m i t i n g  breakdown damage t o  t h e  
t h r u s t e r .  
I n  ACCENT systems having contac t - ion  t h r u s t e r s ,  radio-  
9 . 
Because of t h e  c a p a c i t o r - l i k e  a c t i o n  of the  R E G ,  the  
ACCENT system should be w e l l  s u i t e d  t o  pulsed-plasma 
t h r u s t e r s  a There are a number of pulsed-plasma t h r u s t e r s  
under development a t  p re sen t .  These can b e  cha rac t e r i zed  
i n  scope by t h e  so l id -p rope l l an t  F a i r c h i l d  H i l l e r  t h r u s t e r  
descr ibed  previous ly , .  and by t h e  gas-propel lan t  induct ive-  
a c c e l e r a t o r  system under development a t  TRW Systems ( r e f ,  2 4 ) .  
These t h r u s t e r s  r e q u i r e  a c a p a c i t i v e  d ischarge  f o r  each 
t h r u s t  pu l se ,  and t h i s  d i scharge  could be  provided by the  
REG i n  an ACCENT system. 
With t h e  v i r t u a l  e l imina t ion  of a l l  power demand on 
t h e  s p a c e c r a f t  system, and with r e l i a b i l i t y  through 
s i m p l i c i t y ,  t h e  ACCENT system appears t o  be an advanced 
concept of g r e a t  i n t e r e s t .  
FUTURF, TRl3NDS 
The usua l  c r i t e r i a  f o r  s e l e c t i n g  most promising design 
concepts i s  b a s i c a l l y  one of comparing phys ica l  parameters 
such as s i z e ,  weight ,  power, and development s t a t u s .  
Experience with f l i g h t  systems and those  under development 
f o r  f l i g h t  experiments has  shown t h a t  use of such phys ica l  
c r i t e r i a  must be rep laced  with a t o t a l  systems design 
eva lua t ion  which inc ludes  t h e  ca tegqzies  of r e l i a b i l i t y  
design complexity,  and c o s t .  For example, t h e  e x i s t i n g  
r e s i s t o j e t  systems r e l y  on an e l e c t r i c a l  h e a t e r  f o r  
improvement i n  s p e c i f i c  impulse. This heater must 
u l t i m a t e l y  demonstrate high-temperature,  l ong- l i f e  capa- 
b i l i t y  i n  o r d e r  t o  maintain a competi t ive p o s i t i o n  among 
o t h e r  approaches. I n  c o n t r a s t ,  Rad io i so je t  u s e s  a radio-  
i so tope  h e a t  source  of i n h e r e n t  high r e l i a b i l i t y .  Kowever, 
now t h e  problems s h i f t  i n t o  r a d i a t i o n  s h i e l d i n g ,  s p a c e c r a f t  
i n t e r f a c e s ,  and aerospace s a f e t y .  Both of t h e s e  systems 
r e q u i r e  a p r o p e l l a n t  on-off so lenoid  valve,  which i tself  
must be t r e a t e d  as one of t h e  most important  design f a c t o r s .  
For t h e  ion  and c o l l o i d  t h r u s t e r s ,  t h e  problems become 
high-voltage c i r c u i t r y ,  e lectromagnet ic  i n t e r f e r e n c e ,  
r e l i a b i l i t y  of h e a t e r  e l e m e n t s  and e l e c t r o d e  degradat ion.  
The  pulsed plasma devices  which are va lve le s s  s t i l l  must 
d e a l  w i th  e l e c t r o d e  depos i t i on  and w i t h  high-voltage 
c i r c u i t r y  t o  o b t a i n  competi t ive performance. A number of 
design op t ions  have been s t u d i e d  t o  remedy t h e  major 
r e l i a b i l i t y  problem a reas  being faced by t h e  convent ional  
i o n  and col. loid systems. For example, t h e  n e u t r a l i z e r  could 
be e l imina ted  on t h e  c o l l o i d  t h r u s t e r  by employing a b i -polar  
concept which groups p o s i t i v e  and negat ive  needle  a r r ays .  
E i t h e r  high-voltage s o l a r - c e l l  a r r a y s ,  o r  t h e  ACCENT concept 
could e l i m i n a t e  most of t h e  complex power condi t ion ing  
c i r c u i t r y  needed fo r  e i t h e r . e n g i n e  type.  I n  add i t ion ,  t h e  
ACCENT system o f f e r s  complete independence from t h e  space- 
c ra f t  power system by v i r t u e  of complete self-containment.  
There probably w i l l  be an upper p r a c t i c a l  l i m i t  t o  s o l a r -  
cel l  a r r a y  vo l t age ,  which w i l l  p revent  use of t h i s  concept 
f o r  a l l  a p p l i c a t i o n s .  S i m i l a r l y ,  r a d i a t i o n  s h i e l d i n g  and 
aerospace s a f e t y  requirements probably w i l l  l i m i t  t h e  t h r u s t  
range of ACCENT systems. 
are o f f e r e d  as u n i v e r s a l  s o l u t i o n s  f o r  a u x i l i a r y  propuls ion  
a p p l i c a t i o n s .  Each has p a r t i c u l a r  advantages and regimes 
of ope ra t ion ,  and a l l  are deserving of s o m e  f u r t h e r  s tudy 
None of t h e  advanced concepts d i scussed  i n  t h i s  paper 
t o  
i. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
assess t h e i r  f i n a l  va lue  t o  a u x i l i a r y  e lectr ic  propuls ion.  
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POWER NEEDS FOR ELECTRIC PROPULSION 
** 
by W i l l i a m  R. Mickelsen 
Colorado S t a t e  Univers i ty  
F o r t  C o l l i n s ,  Colorado 
ABSTRACT 
The p r e s e n t  s t a t u s  and f u t u r e  t r ends  of electric 
propuls ion systems and missions are b r i e f l y  reviewed. Some 
t y p i c a l  electric propuls ion  systems are descr ibed ,  t h e s e  
cover a t h r u s t  range from 20 micropounds t o  6 5  mil l ipounds,  
and are in tended  f o r  space missions ranging from sa te l l i t e  
a t t i t u d e  c o n t r o l  t o  primary propuls ion  f o r  i n t e r p l a n e t a r y  
unmanned veh ic l e s .  Electr ic  power needs f c r  e lectr ic  
propuls ion systems are sumn..arized i n  t e r m s  of t h r e e  gene ra l  
nl,ission classes; a u x i l i a r y ,  i n t e rmed ia t e  and primary 2ropulsion. 
I n  t h e  auxi l ia ry-propuls ion  c l a s s  of s a t e l l i t e  missions,  
it appears t h a t  e lec t r ic  propuls ion  power needs f o r  2000-pound 
sa te l l i t es  w i l l  range from 2 w a t t s  t o  200 w a t t s ,  depending on 
t h e  t h r u s t i n g  func t ion  and on f u t u r e  r e sea rch  and development 
of advanced concepts.  
Intermediate-propuls ion missions inc lude  t h e  MOA% and t h e  
r a i s i n g  of sa te l l i tes  t o  24-hour synchronous o r b i t s .  
f o r  electric propuls ion  systems i n  t h i s  class of poss ib l e  
f u t u r e  missions w i l l  range from 1 0 0  w a t t s  t o  several k i lowa t t s .  
Power 
Possible f u t u r e  primary-propulsion missions inc lude  both 
unmanned and manned i n t e r p l a n e t a r y  spacec ra f t .  
s p a c e c r a f t  may r e q u i r e  power f o r  electric propuls ion  i n  t h e  
range from 1 0 0  w a t t s  t o  s e v e r a l  k i lowa t t s .  
Smal l  unmanned 
S t i l l  f a r t h e r  i n  
* Done under NASA Grant NGR06-002-032, Electric Thrus te r  
** Associate  Fellow, AIAA. Senior  Member, IEEE.  Professor  of 
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Mechanical Engineering and of E l e c t r i c a l  Engineering. 
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t h e  f u t u r e ,  manned i n t e r p l a n e t a r y  v e h i c l e s  w i l l  probably 
r e q u i r e  electric powerplants of s e v e r a l  megawatts ou tpu t  
power f o r  t h e  primary electric propuls ion system. 
Power needs are l i s t e d  f o r  those  t h r u s t e r  systems t h a t  
appear s u i t e d  t o  each p a r t i c u l a r  mission. I t  i s  in tended  
t h a t  t h i s  survey paper  w i l l  serve as a progress  r e p o r t  t o  
those i n  t h e  f i e l d  of electric power genera t ion ,  and 
hopeful ly  can serve as an approximate guide i n  t h e  s y n t h e s i s  
of f u t u r e  electric propuls ion systems. 
INTRODUCTION 
I n  t h e  p a s t  t e n  yea r s  r e sea rch  and development has  
brought electric propuls ion systems t o  a f l i g h t  o p e r a t i o n a l  
s t a t u s  on some e a r t h  s a t e l l i t e  spacec ra f t .  Fu r the r ,  complete 
t h r u s t e r  systems are p r e s e n t l y  being developed t o  demonstrate 
t h e  performance advantages of electric propuls ion f o r  i n t e r -  
p l ane ta ry  space f l i g h t .  The p r e s e n t  s t a t u s  and f u t u r e  t r ends  
i n  electric propuls ion f o r  this wide range of mission types 
a r e  d iscussed  i n  d e t a i l  i n  r e c e n t  ar t ic les  (refs. 1 - 6 ) .  With 
electric t h r u s t e r  systems having reached a s t a g e  of r e a l i s t i c  
design,  it i s  of i n t e r e s t  t o  survey t h e  electric power needs 
of t h e  var ious  t h r u s t e r  systems t h a t  may be  candidates  f o r  
p o s s i b l e  f u t u r e  space missions.  
working i n  t h e  f i e l d  of e lectr ic  power genera t ion  wi th  a 
comprehensive survey of t h e  electric power needs of p r e s e n t l y  
e x i s t i n g  t h r u s t e r  systems, of t h r u s t e r  systems p r e s e n t l y  i n  
t h e  research  and development phase,  and of possible.  f u t u r e  
t h r u s t e r  systems t h a t  f a l l  i n  t h e  r e a l m  of advanced concepts.  
Power needs f o r  e x i s t i n g  f l i g h t  o p e r a t i o n a l  s y s t e m  can be  
def ined  q u i t e  accu ra t e ly ,  while  t h e  power needs f o r  advanced 
concepts can be only approximately assessed  a t  t h e  p r e s e n t  
t i m e .  Because of t h e  b r i e f  survey n a t u r e  of t h i s  paper ,  power 
assessments are l i m i t e d  t o  g ross  power levels,  and t o  l i s t i n g s  
of t h e  h i g h e s t  vo l tages  needed f o r  each p a r t i c u l a r  t h r u s t e r  
system. D e t a i l s  of t h e  numerous a u x i l i a r y  vol tages  and c u r r e n t s  
f o r  each L l r u s t e r  system are a v i l a b l e  from t h e  referenced 
l i t e r a t u r e .  
It is  t h e  i n t e n t  of t h e  p r e s e n t  paper t o  provide those  
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It  must be noted t h a t  many of t h e  mission a p p l i c a t i o n s  
f o r  electric propuls ion  t h a t  are l i s t e d  i n  t h i s  paper are 
merely p o s s i b i l i t i e s  f o r  t h e  f u t u r e  and should n o t  be 
construed as real  f l i g h t  programs a t  t h i s  t i m e .  Furthermore, 
t h e  performance c h a r a c t e r i s t i c s  of t h r u s t e r  systems i n  t h e  
r e sea rch  and development phase are only  approximate a t  b e s t  
and t h e r e f o r e  should be  used only  as approximate guides i n  
prel iminary design s t u d i e s  of f u t u r e  veh ic l e s .  Performance 
parameters f o r  t h e  advanced concepts i n  electric t h r u s t e r  
systems a r e  even more tenuous and are included he re  only t o  
i n d i c a t e  probable f u t u r e  t r ends  i n  e lectr ic  power needs. 
GENERAL STATUS O F  ELECTRIC THRUSTER SYSTEMS 
Before proceeding t o  t h e  assessment of power rieeds f o r  
electric propuls ion ,  it i s  necessary t o  c l e a r l y  d e f i n e  the  
p r e s e n t  s t a t u s  and f u t u r e  t r ends  of e lec t r ic  t h r u s t e r  systems. 
I n  de f in ing  t h i s  s t a t u s ,  t h r e e  gene ra l  c l a s s i f i c a t i o n s  are 
used: o p e r a t i o n a l ,  r e sea rch  and development, and advanced 
concepts.  Sone t h r u s t e r  systems descr ibed  here  are i n  
t r a n s i t i o n  between t h e s e  s t a t u s  c l a s s i f i c a t i o n s ,  and i n  such 
cases t h e  judgement f o r  c l a s s i f i c a t i o n  hopeful ly  r ep resen t s  
t h e  consensus of opinion of those  working i n  t h e  f i e l d  of 
electric propuls ion.  
Opera t iona l  Thrus t e r  Systems 
Operat ional  systems are t h o s e  e lectr ic  t h r u s t e r  systems 
t h a t  have been flown o r  w i l l  b e  flown on scheduled s p a c e c r a f t  
missions.  Some of t h e s e  o p e r a t i o n a l  systems a r e  prime onboard 
equipment t o  perform t h r u s t i n g  func t ions  t h a t  a r e  requi red  
f o r  t h e  success  of t h e  mission. Other o p e r a t i o n a l  systems 
have, o r  w i l l ,  perform t h r u s t i n g  func t ions  more i n  t h e  na tu re  
of f l i g h t  demonstration equipment ( r e f s .  1 and 2). 
Three examples of o p e r a t i o n a l  e lectr ic  propuls ion systems 
a r e  shown i n  Figures  1 to 3,  The r e s i s t o j e t  t h r u s t e r  system 
shown i f i  Figure 1 i s  r e p r e s e n t a t i v e  of an e a r l y  a p p l i c a t i o n  
of electric propuls ion t o  o p e r a t i o n a l  spacec ra f t .  This 
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r e s i s t o j e t  system i s  used f o r  a t t i t u d e  c o n t r o l  and o r b i t  
adjustment of t h e  advanced VELA s p a c e c r a f t .  
is p r e s e n t l y  be ing  r ead ied  f o r  f l i g h t  on t h e  NASA ATS-D space- 
c r a f t  as a f l i g h t  experiment t o  demonstrate a t t i t u d e  c o n t r o l  
and east-west s t a t i o n  keeping func t ions .  A no tab le  f e a t u r e  
of t h i s  electric propuls ion  system i s  t h e  c a p a b i l i t y  f o r  
p r e c i s i o n  t h r u s t  vec to r ing  by means of e l e c t r o s t a t i c  d e f l e c t i o n  
of t h e  ion  exhaus t  beam wi th  t h e  segmented a c c e l e r a t i n g  
e l e c t r o d e s  shown i n  t h e  f i g u r e .  Also no tab le  i n  t h e  f i g u r e  
i s  t h e  packaging f o r  t h e  complete poxer condi t ion ing  and 
c o n t r o l  system which draws power from t h e  s p a c e c r a f t  s o l a r -  
a r r a y  bus,  and provides  high vo l t age  d.c.  t o  t h e  t h r u s t e r  system. 
The cesium bombardment t h r u s t e r  system shown i n  Figure 3 
is  r e p r e s e n t a t i v e  of systems intended f o r  north-south s t a t i o n  
keeping func t ions  on synchronous s a t e l l i t e s .  
The contact ion  mic ro th rus t e r  system shown i n  Figure 2 
Systems i n  Research and Development 
There are a number of electric t h r u s t e r  systems i n  var ious 
s t a g e s  of r e sea rch  and development. Each of t h e s e  systems are 
expected t o  have improved performance o r  o p e r a t i o n a l  advantages 
over t h e  p r e s e n t  ope ra t ion  systems. The systems t h a t  are 
c l a s s i f i e d  h e r e  i n  t h e  I? & D category have a complete compliment 
of a l l  components t h a t  would be  r equ i r ed  i n  a f l i g h t  ve r s ion  
of t h e  system. I n  add i t ion ,  a l l  have been opera ted  i n  
l abora to ry  vacGun f a c i l i t i e s  under t es t  condi t ions  and 
du ra t ions  adequate t o  e s t a b l i s h  t h e i r  o p e r a t i o n a l  f e a s i b i l i t y .  
propuls ion system f o r  inanned o r b i t i n g  research  l a b o r a t o r i e s  t o  
provide t h r u s t  f o r  drag  c a n c e l l a t i o n  and f o r  a t t i t u s e  con t ro l .  
This proposal  is i l l u s t r a t e d  i n  F igure  4 ,  and would c o n s i s t  of 
a t o t a l  of twenty-four r e s i s t o j e t  L t r u s t e r s  l oca t ed  i n  four  
modules around t h e  per iphery  of t h e  MORL. A s i g n i f i c a n t  
f e a t u r e  of t h i s  proposed system i s  t h e  u t i l i z a t i o n  of carbon 
dioxide biowaste as p r o p e l l a n t  f o r  t h e  r e s i s t o j e t s ,  
systems have been opera ted  with carbon d ioxide  a t  s p e c i f i c  
impulse va lues  high enough t o  provide t h e  r equ i r ed  d a i l y  t o t a l  
A r e s i s t o j e t  systems has been proposed as a p o s s i b l e  
R e s i s t o j e t  
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impulse wi thout  exceeding t h e  d a i l y  product ion ra te  of carbon 
d ioxide  biowas t e  
Another example of an e lectr ic  t h r u s t e r  system i n  t h e  
research  and development s t a g e  i s  shown i n  Fiqure 5 .  This 
fou r - th rus t e r  a r r a y  of mercury bombardment t h r u s t e r s  i s  t y p i c a l  
of t h e  system s i z e  and complexity t h a t  would be  r equ i r ed  f o r  
primary propuls ion  of i n t e r p l a n e t a r y  unmanned s p a c e c r a f t ,  
This t h r u s t e r  a r r a y  i s  p r e s e n t l y  under development a t  JPL f o r  
purposes of demonstrating t h e  f e a s i b i l i t y  of solar electric 
propuls ion systems ( r e f s .  3 and 4). 
Advanced Thrus te r  Concepts 
A number of advanced concepts have been proposed t h a t  
have marked p o t e n t i a l  improvements i n  performance o r  opera- 
t i o n a l  c h a r a c t e r i s t i c s .  Some of t h e s e  advanced concepts are 
d iscussed  i n  t h e  r e c e n t  l i t e r a t u r e  (refs. 2 and 6 ) .  A l l  of  
t hese  advanced concepts are based on demonstrated performance 
of i n d i v i d u a l  components, b u t  none have been opera ted  as 
complete t h r u s t e r  s y s t e m .  These advanced concepts a r e  
included i n  t h e  p r e s e n t  survey f o r  t h e  purposes of i n d i c a t i n g  
approximate f u t u r e  t r ends .  
POSSIBLE MISSIONS FOR ELECTRIC PROPULSION 
Missions f o r  electric propuls ion  can be  roughly d iv ided  
i n t o  t h r e e  ca t egor i e s :  a u x i l i a r y ,  in te rmedia te ,  and primary 
propuls ion missions.  Auxi l ia ry  propuls ion  i s  gene ra l ly  
def ined  t o  inc lude  t h r u s t i n g  func t ions  of a r e l a t i v e l y  low 
magnitude i n  which t h e  s p a c e c r a f t  v e l o c i t y  i s  n o t  appreciably 
a f f ec t ed .  The c o n t r o l  of s a t e l l i t e  a t t i t u d e  i s  c e r t a i n l y  an 
a u x i l i a r y  propuls ion  func t ion ,  and t h e  s t a t i o n  keeping of 
synchronous sa te l l i t es  may a l s o  be included i n  t h i s  category. 
In te rmedia te  e lec t r ic  propuls ion  can be def ined  t o  inc lude  
t h r u s t i n g  f u n c t i c n s  such a s  drag  c a n c e l l a t i o n  f o r  low-level 
s a t e l l i t e s ,  and s i g n i f i c a n t  o r b i t  t r a n s f e r s  such as r a i s i n g  a 
s a t e l l i t e  from a low parking o r b i t  t o  t h e  twenty-four-hour 
synchronous o r b i t .  Primary electric propulsior? missions are 
those  where t h e  e lectr ic  propuls ion system is  an upper s t a g e  
i n  t h e  o v e r a l l  mission p r o f i l e .  
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Propuls ion requirements f o r  a u x i l i a r y  propuls ion missions 
can be  def ined  i n  t e r m s  of an e f f e c t i v e  v e h i c l e  v e l o c i t y  
increment,  QV p e r  y e a r ,  and f o r  a given s p a c e c r a f t  nass a 
t o t a l  impulse p e r  y e a r  can be  determined ( r e f s .  6 and 7 ) .  
P r o p e l l a n t  weight  W 
PY 
s p e c i f i c  impulse,  I: 
i s  simply t h e  r a t i o  of t o t a l  impulse t o  
W = ( to ta l - impulse /yr ) / I  , l b /y r  (1) 
P r  
where W is  t h e  p r o p e l l a n t  consumption p e r  yea r ,  t o t a l -  
impulse/yr i s  t h e  mission requirement,  and s p e c i f i c  impulse I 
is  an electric t h r u s t e r  performance parameter.  
of equat ion (1) it i s  e v i d e n t  t h a t  very long missions w i l l  
r e q u i r e  high s p e c i f i c  impulse i n  o rde r  t o  avoid excess ive  
p r o p e l l a n t  weights.  
i s  a t t a i n e d  by i n c r e a s i n g  t h e  e lectr ic  power i n p u t  t o  t h e  
t h r u s t e r .  This  i s  i l l u s t r a t e d  by t h e  fol lowing expression:  
P r  
From inspec t ion  
I n  g e n e r a l ,  h ighe r  s p e c i f i c  impulse i n  electric t h r u s t e r s  
where P i s  power i n p u t  t o  t h e  e lec t r ic  t h r u s t e r  system i n  
w a t t s ,  gc i s  t h e  g r a v i t a t i o n a l  conversion f a c t o r  9 .81  meters/sec I 
F i s  t h e  t h r u s t e r  system t h r u s t  i n  newtons, I i s  s p e c i f i c  
impulse,  and qth i s  t h r u s t e r  system e f f i c i e n c y .  
equat ions (1) and ( 2 )  simultaneously it i s  ev iden t  t h a t  t h e r e  
w i l l  be i3n optimum value  of t h e  s p e c i f i c  impulse f o r  each 
p a r t i c u l a r  s e t  of mission parameters and propuls ion  system 
parameters.  
s p a c e c r a f t  i s  n o t  a simple m a t t e r  as t h e  preceding d i scuss ion  
may imply. 
s p e c i f i c  impulse on p r o p e l l a n t  weight and powerplant weight 
are as expressed by equat ions  (1) and ( 2 ) .  This t rade-off  
between p r o p e l l a n t  weight and propuls ion system weight should 
be kep t  i n  mind i n  cons ider ing  t h e  t e x t  o f  t h e  next  s ec t ion .  
2 
By consider ing 
Pllissiorr and t r a j e c t o r y  a n a l y s i s  f o r  e lec t r ic  propuls ion  
However t h e  gene ra l  f e a t u r e s  of t h e  in f luence  of 
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POWER NEEDS FOR TYPICAL M I S S I O N S  
Power needs f o r  a nunber of  t y p i c a l  e lec t r ic  propuls ion 
missions are showri i n  T & l e s  I t o  111. Each of t h e s e  
missions could be flown wi th  any one of s e v e r a l  t h r u s t e r  
systems. I n  gene ra l ,  the 'power needs of t h e  var ious  
t h r u s t e r  systems are widely d i f f e r e n t ,  depending on t h e  
s p e c i f i c  impulse,  t h e  t h r u s t e r  e f f i c i e n c y ,  and o t h e r  f a c t o r s .  
For t h i s  reason there are q u i t e  a few t h r u s t e r  systems 
l i s t e d  f o r  each of t h e  missions i n  Tables I t o  111. 
The missions considered i n  t h i s  paper  are merely 
intended t o  be r e p r e s e n t a t i v e ,  p a r t i c u l a r l y  with r e s p e c t  t o  
the  s p a c e c r a f t  weights t h a t  have been assumed. For example, 
i n  Table I ,  it has been assumed t h a t  t h e  f i n a l  s a t e l l i t e  i n  
24-hour synchronous o r b i t  w i l l  have a m a s s  corresponding t o  
a ground weight of 2000 l b s .  Synchronous s a t e l l i t e s  of much 
g r e a t e r  mass a r e  c e r t a i n l y  w i t h i n  t h e  realm of p o s s i b i l i t y ,  
even wi th  e x i s t i n g  boos te r  rocke t  c a p a b i l i t i e s .  
20-micropound and 490-micropound t h r u s t  l e v e l s  have been 
determined f o r  2000-lb s a t e l l i t e s  with continuous t h r u s t i n g  
modes of ope ra t ion  (ref.  7 ) .  The 700-micropound t h r u s t  l e v e l  
f o r  north-south s t a t i o n  keeping has been suggested ( r e f .  8 )  
as a system redundancy f e a t u r e  where one of  a p a i r  of opposing 
t h r u s t e r s  could do t h e  north-south s t a t i o n  keeping i n  case 
t h e  o t h e r  t h rGs te r  f a i l e d .  Thrus t  l e v e l s  would be  h igher  f o r  
The 
more massive sa te l l i t es .  
I n  Table 11, t h e  MORL mission i s  based on a r e c e n t  s tudy 
( r e f .  9 )  Important mission parameters i n  t h i s  s tudy a r e  a 
36,000-pound veh ic l e  i n  a 1 6 4  n a u t i c a l  m i l e  c i r c u l a r  o r b i t ,  
r e q u i r i n g  a t o t a l  impulse of 1 9 0 0  lb-sec/day. Any changes i n  
these  mission parameters could be r e f l e c t e d  i n  changes of 
power l e v e l s .  The s a t e l l i t e  o r b i t  maneuvers mission shown i n  
Table I1 i s  based on an estimate of t h r u s t  l e v e l s  t h a t  might 
be requi red  f o r  s u b s t a n t i a l  changes i n  s a t e l l i t e  o r b i t  o r  
p o s i t i o n  ( r e f .  8 ) .  With one except ion ,  t h e  power l e v e l s  shown 
i n  Table I1 f o r  t h e  synchronous s a t e l l i t e  r a i s i n g  mission 
w e r e  determined from basic t r a j e c t o r y  information ( r e f .  10). 
These c a l c u l a t i o n s  are based on a 300 n a u t i c a l  m i l e  parking 
o r b i t ,  wi th  r a i s i n g  by e lec t r ic  propuls ion  t o  t h e  24-hour 
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synchronous c i r c v l a r  o r b i t ,  wi th  t h e  c o n s t r a i n t  t h a t  t h e  
electric propuls ion  system inc luding  t h e  s o l a r  cel l  a r r a y  
(or  o t h e r  powerplant)  i s  included i n  t h e  f i n a l  2000-pound 
spacec ra f t .  I t  w a s  a l s o  assumed t h a t  t h e  e lectr ic  propuls ion 
is  done only 1 / 2  t i m e  i n  each o r b i t  about e a r t h  (because of 
Earth-shadowing of t h e  s o l a r  a r r a y s ) ,  and no allowance i s  
made f o r  t h e  p l ane  change from t h e  300 n a u t i c a l  m i l e  parking 
o r b i t  t o  t h e  f i n a l  e q u a t o r i a l  synchronous o r b i t .  T ra j ec to ry  
and mission p a r a a e t e r s  f o r  t h e  180-day synchronous s a t e l l i t e  
m i s s i o n  wi th  t h e  mercury bombardment t h r u s t e r  system are 
repor ted  elsewhere ( r e f .  11). 
Mission parameters f o r  t h e  600-pound unmanned s p a c e c r a f t  
i n t e r p l a n e t a r y  mission shown i n  Table 111 r e p r e s e n t  a minimal 
approach t o  unmanned s p a c e c r a f t  ( r e f .  1 2 ) .  The 2300-pound 
unmanned s p a c e c r a f t  mission shown i n  Table I11 i s  r e p r e s e n t a t i v e  
of s c i e n t i f i c  probe missions t o  t h e  major p l a n e t s  ( r e f s .  3 ,  4 ,  
13,  1 4 ) .  The 600,000-pound manned i n t e r p l a n e t a r y  round-tr ip  
mission l i s ted  i n  Table I11 i s  r e p r e s e n t a t i v e  of p o s s i b l e  
f u t u r e  a p p l i c a t i o n s  of e lectr ic  propuls ion ( re f .  1 5 ) .  
Electr ic  power needs f o r  t h e  var ious  t h r u s t e r  systems 
and missions l i s t e d  i n  Table I t o  I11 w e r e  ca l cu la t ed  from 
t h e  information and r e fe rences  summarized i n  t h e  Appendix. 
The d e t a i l e d  information i n  t he  Appendix is  provided p r imar i ly  
fo r  t h e  b e n e f i t  of those  having p a r t i c u l a r  i n t e r e s t  i n  
electric t h r u s t e r s  pe r  se, and secondar i ly  as suppor t ing  
documentation f o r  t h e  power l e v e l s  shown i n  Tables I t o  111. 
Opera t iona l  t h r u s t e r  systems f o r  a u x i l i a r y  propals ion  
missions have r e l a t i v e l y  high e lectr ic  power needs,  
p a r t i c u l a r l y  a t  t h e  h igher  va lues  of s p e c i f i c  impulse t h a t  
w i l l  be r e q u i r e d  f o r  long du ra t ion  missions.  The t w o  t h r u s t e r  
systems l i s ted  i n  T a b l e  I i n  t h e  research  and development 
category w i l l  n o t  o f f e r  much reduct ion  i n  power requirements 
a t  high s p e c i f i c  impulse. However, t h e r e  are s e v e r a l  advanced 
t h r u s t e r  concepts t h a t  have promise of s i g n i f i c a n t l y  lower 
power needs a t  high s p e c i f i c  impulse. Whether t h e s e  poss ib l e  
f u t u r e  r educ t ions  i n  e lec t r ic  power are e s p e c i a l l y  
advantageous w i l l  depend on the  s i z e  of t h e  s p a c e c r a f t  
powerplant. I f  the  s p a c e c r a f t  i s  a communications s a t e l l i t e  
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i n  a 24-hour synchronous o r b i t ,  i t  is  p o s s i b l e  t h a t  t h e  
s p a c e c r a f t  powerplant w i l l  be  i n  t h e  k i l o w a t t  class, and 
i f  t h i s  is  t h e  case  then t h e  power savings ind ica t ed  i n  
Table I may no t  be  s u f f i c i e n t l y  advantageous t o  j u s t i f y  t h e  
development of t h e  advanced concepts f o r  t h a t  p a r t i c u l a r  
mission. 
There i s  another  important  f e a t u r e  of t h e  t h r u s t e r  
systems f o r  a u x i l i a r y  propuls ion missions t h a t  are l i s t e d  
i n  Table I i n  t h e  R & D and the advanced concept ca t egor i e s .  
This f e a t u r e  i s  t h e  a b i l i t y  of some of t h e  t h r u s t e r  systems 
t o  ope ra t e  a t  r e l a t i v e l y  low vo l t age  l e v e l s  i n  comparison 
with t h e  high vo l t ages  requi red  by t h e  o p e r a t i o n a l  systems 
a t  high s p e c i f i c  impulse. For example, t he  mercury bombardment 
t h r u s t e r  system p r e s e n t l y  i n  t h e  R & D phase has a maximum of 
400 v o l t s  d.c. i n  t h e  o v e r a l l  system, which i s  a vo l t age  l e v e l  
t h a t  seems a t t a i n a b l e  d i r e c t l y  from t h e  s o l a r  c e l l  a r r a y  
without  any in t e rven ing  power condi t ion ing  requi red  (ref. 2 ) .  
V i r t u a l  e l imina t ion  of t h e  high vol tage  power condi t ion ing  
equipment would be  an advantage both i n  c o s t  and i n  improved 
r e l i a b i l i t y .  I n  t h e  advanced concept category t h e  l i t h i u m  
i s o t o p e / r e s i s t o j e t  o f f e r s  t h e  p o s s i b i l i t y  of opera t ing  
d i r e c t l y  from t h e  s p a c e c r a f t  bus a t  p r a c t i c a l l y  any vo l t age ,  
b u t  t h i s  t h r u s t e r  system has a r e l a t i v e l y  low s p e c i f i c  impulse,  
and t h e r e f o r e  would have a high p r o p e l l a n t  weight f o r  long 
du ra t ion  missions.  I n  t h i s  s a m e  category t h e  potassium 
hollow-cathode i o n  expansion concept would have a s i g n i f i c a n t l y  
lower vo l t age  then  t h e  mercury bombardment t h r u s t e r  i n  t h e  
R & D category,  and i n  add i t ion  would have a h igher  s p e c i f i c  
impulse. 
i s  represented  by t h e  i so tope / l iqu id-spray  t h r u s t e r  concept 
which has  a high s p e c i f i c  impulse and a very l o w  e lec t r ic  
power need, e .g . ,  j u s t  enough f o r  the te lemetry.  This 
advanced concept would have i t s  own e lec t r ic  power source 
completely independent from t h e  s p a c e c r a f t  powerplant. 
missions shown i n  Table I1 w i l l  vary widely,  depending on t h e  
p a r t i c u l a r  missions and t h e  p a r t i c u l a r  t h r u s t e r  system. 
The u l t i m a t e  i n  a u x i l i a r y  electric propuls ion systems . 
Electr ic  power needs f o r  t h e  in te rmedia te  propuls ion 
In  
LO 
t h e  MOP& class mission where biowaste i s  used a s  t h e  p r o p e l l a n t ,  
it appears t h a t  cons iderable  power savings might be  achieved 
by t h e  advanced t h r u s t e r  concept where an i so tope  h e a t e r  i s  
coupled wi th  t h e  e lectr ic  h e a t e r  i n  t h e  r e s i s t o j e t  t h r u s t e r  
system. 
achieved i n  p r i n c i p l e  by thermally hea t ing  t h e  p r o p e l l a n t  t o  
a f a i r l y  high temperature,  then r a i s i n g  t h e  p r o p e l l a n t  t o  i t s  
f i n a l  high temperature with electric power. 
r e s i s t o j e t  and t h e  l i t h ium i s o t o p e / r e s i s t o j e t  might a l s o  be 
used i n  t h e  MORL class missions,  e s p e c i a l l y  where p r o p e l l a n t  
resupply would n o t  be  a s i g n i f i c a n t  disadvantage.  
o r b i t  maneuvers missions w i l l  d.epend p r imar i ly  on t h e  t o t a l  
impulse requirement of t h e  o r b i t  maneuvers, and on whether o r  
n o t  a considerable  amount of e lectr ic  power i s  onboard t h e  
s a t e l l i t e  f o r  o t h e r  purposes.  For i n s t a n c e  , d i rec t -b roadcas t  
synchronous s a t e l l i t e s  may eventua l ly  have onboard power i n  
t h e  k i l o w a t t  range, and i f  t h i s  power w e r e  a v a i l a b l e  f o r  
o r b i t  maneuvers then t h e  mercury bombardment o r  t h e  hollow- 
cathode ion  expansion t h r u s t e r s  shown i n  Table I1 might be  
p r e f e r a b l e  t o  t h e  resist0 jets.  
A v a i l a b i l i t y  of onboard power f o r  electric propuls ion 
may be  a very important  cons idera t ion  i n  p o s s i b l e  synchronous 
s a t e l l i t e  r a i s i n g  missions.  For in s t ance ,  i f  t h e  s a t e l l i t e  
had somewhat more than 1 0 0 0  w a t t s  of e lec t r ic  power f o r  
broadcas t  func t ions  a f t e r  pos i t i on ing ,  then  t h i s  power might 
be used f o r  t h e  l i t h ium i s o t o p e / r e s i s t o j e t  advanced t h r u s t e r  
concept i n  r a i s i n g  the  s a t e l l i t e  from a low parking o r b i t  t o  
t h e  24-hour synchronous o r b i t .  
400 seconds,  and e f f e c t i v e l y  " f r e e "  power t h i s  advanced 
concept should have performance s u p e r i o r  t o  a l l -chemical  
d e l i v e r y  systems. Even i f  a d d i t i o n a l  power w e r e  used t o  
reduce t h e  r a i s i n g  t i m e  t o  40 days,  t h e  l i t h i u m  iso tope /  
r e s i s t o j e t  concept appears t o  o f f e r  payload advantage over  
conventional chemical rocke ts  i n  t h i s  mission. These remarks 
a r e  n o t  intended t o  promote e lectr ic  propuls ion f o r  t h i s  
p a r t i c u l a r  mission, b u t  r a t h e r  t o  i n d i c a t e  t h e  g r e a t  importance 
of power l e v e l  assessment i n  t h e  f i e l d  of e lectr ic  propuls ion.  
This  reduct ion  i n  electric power needs would be  
The ammonia 
The u l t ima te  choice of t h r u s t e r  system f o r  t h e  s a t e l l i t e  
With a s p e c i f i c  impulse of 
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Electr ic  power level i s  of major importance i n  t h e  
primary electric propuls ion missions shown i n  Table 111. 
Because of t h e  high to ta l - impulse  requirements of i n t e r p l a n e t a r y  
unmanned and manned missions,  optimum s p e c i f i c  impulse i s  i n  
t h e  2000 t o  3000 second range f o r  propuls ion systems having 
powerplant spec j - f ic  m a s s  of 50 t o  1 0 0  lb/kwe, The mercury 
bombardment and t h e  cesium bombardment t h r u s t e r  systems shown 
i n  t h e  R & D category i n  Table I11 are n o t  very e f f i c i e n t  i n  
t h i s  range of s p e c i f i c  impulse,  thereby i n c r e a s i n g  t h e  electric 
power requirement,  I n  add i t ion ,  t h e i r  vo l t age  requirements 
are 1 0 0 0  vo l t s  d .c . ,  which may d i c t a t e  t h e  use of power 
condi t ion ing  i n  s o l a r  electric systems. 
ion  expansion t h r u s t e r  system i n  t h e  advanced concepts 
category has  promise of h igher  e f f i c i e n c y  and l o w e r  vo l t age  
i n  t h e  s p e c i f i c  impulse range of i n t e r e s t  f o r  solar electric 
unmanned i n t e r p l a n e t a r y  spacec ra f t .  This same observa t ion  
may be made f o r  p o s s i b l e  f u t u r e  manned i n t e r p l a n e t a r y  space- 
c r a f t  with nuc lear  electric powerplants,  Although t h e  hollow- 
cathode i o n  expansion advanced concept could i n  p r i n c i p l e  
have a t h r u s t  dens i ty  s u f f i c i e n t l y  high f o r  reasonable  
The hollow-cathode 
packaging i n  t h e  payload shroud of very l a r g e  chemical boos t e r  
rocke t s ,  t h e  P@D a r c  advanced concept has much promise f o r  a 
very high t h r u s t  dens i ty ,  which may be a d e f i n i t e  advantage 
f o r  t h e  megawatt power l e v e l s  t h a t  would u l t i m a t e l y  be  - 
requi red  fo r  manned i n t e r p l a n e t a r y  e lectr ic  spacec ra f t .  
CONCLUSIONS 
From t h i s  survey of electric power needs f o r  electric 
propuls ion,  it can be concluded t h a t  power l e v e l s  may range 
from s e v e r a l  w a t t s  t o  s e v e r a l  rnegawatts depending on t h e  
mission and t h e  propuls ion funct ion.  Missions wi th  high t o t a l  
impulse w i l l  r e q u i r e  s p e c i f i c  impulse of t h e  t h r u s t e r  system 
i n  t h e  range above 2000 seconds i n  o r d e r  t o  avoid excess ive  
p r o p e l l a n t  requirements.  Operation a t  t h e s e  high va lues  of 
s p e c i f i c  impulse w i l l  r e q u i r e  commensurately high e lectr ic  
power needs. I n  such systems wi th  very high power l e v e l s ,  
electric t h r u s t e r  system e f f i c i e n c y  w i l l  become of c r u c i a l  
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importance i n  o r d e r  t o  minimize powerplant s i z e  and m a s s .  
There are a number of advanced concepts t h a t  o f f e r  s i g n i f i c a n t  
improvements i n  t h r u s t e r  e f f i c i e n c y .  
The need f o r  h ighe r  s p e c i f i c  impulse i n  in t e rmed ia t e  and 
i n  a u x i l i a r y  propuls ion  missions w i l l  become more acu te  as 
mission du ra t ions  are increased  t o  5 t o  1 0  year  per iods .  The 
concomitant i n c r e a s e  i n  power needs f o r  t h e  electric t h r u s t e r  
system might b e  convenient ly  absorbed i n  s a t e l l i t e s  t h a t  have 
high power l e v e l s  onboard f o r  o t h e r  func t ions .  However, i n  
t h e  i n t e r e s t  of cost r educ t ions ,  ease i n  packaging i n  t h e  
boos te r  v e h i c l e s ,  and e l imina t ion  of sun-or ien t ing  mechanisms, 
t h e r e  w i l l  c e r t a i n l y  be many s a t e l l i t e s  where electric power 
w i l l  be a t  a premivm. 
needs by a ma t t e r  of  a few w a t t s  w i l l  s t i l l  serve as a s t r o n g  
impetus t o  t h e  f u r t h e r  work on advanced concepts i n  a u x i l i a r y  
electric propuls ion  systems. 
l e v e l s  r equ i r ed  f o r  electric t h r u s t e r  systems. S p e c i f i c  
impulse i n  t h e  range of 2000 t o  3000  seconds i s  of p a r t i c u l a r  
i n t e r e s t  f o r  s o l a r  e lec t r ic  i n t e r p l a n e t a r y  spacec ra f t .  
t h i s  range of s p e c i f i c  impulse,  t h e  i o n  t h r u s t e r s  have 
a c c e l e r a t i n g  v o l t a g e s  i n  t h e  range from 1 0 0  t o  1 0 0 0  v o l t s  d.c. 
These f a c t o r s  have l e d  t o  an i n t e r e s t  i n  research  and 
I n  t h e s e  cases, reduct ion  of power 
A f i n a l  obse rva t ion  can be  made with regard  t o  vol tage  
In 
development l ead ing  t o  s o l a r  ce l l  a r r a y s  having such ou tpu t  
vo l tages .  
i s  a s t r o n g  mot iva t ion  i n  t h i s  regard.  This  t r e n d  towards 
lower vo l t ages  may be c f  d i r e c t  b e n e f i t  t o  f u t u r e  nuc lear  
electric power gene ra t ion  systems f o r  e lectr ic  propuls ion.  
For example, a l t e r n a t o r  ou tpu t  vo l t age  i n  t u r b o e l e c t r i c  
systems might be matched d i r e c t l y  t o  t h e  power needs of t h e  
primary e lectr ic  t h r u s t e r  system. 
V i r t u a l  e l imina t ion  of power condi t ion ing  equipnent 
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APPENDIX - THRUSTER SYSTEM CHARACTERISTICS 
Information, d a t a ,  and assumptions t h a t  have been used 
i n  a s ses s ing  t h e  power needs f o r  electric propuls ion are 
summarized i n  t h i s  appendix. 
AUXILIARY - PROPULSION 
Operat ional  Thrus te r  Systems 
NH resistojet. I = 150 sec. Valves, 2 w; t e lemet ry ,  2 w. -3 
(Ref. 1) 
NH r e s i s t o j e t .  I -- 200 sec. Valves, 2 w; t e lemet ry ,  2 w. -3 
(Ref. 1 6 )  
l iquid-spray.  I = 900 sec. Telene t ry ,  2 w; n e u t r a l i z e r ,  5 w; 
vapor izer ,  5 w. For F = 490 micropounds, P = 2+(14+5+5)/ 
.7  = 36 wa t t ,  where 1 4  w t h r u s t e r  power inc ludes  a 
t h r u s t e r  e f f i c i e n c y  of 70%,  and where power-conditioning 
e f f i c i e n c y  i s  70%.  (Ref. 1 7 )  
pulsed-plasma. I = 1 0 0 0  sec. (Ref. 18 )  
Cs-bombardment. i = 5000. Power condi t ion ing  e f f i c i e n c y ,  
70%. (Ref. 1 9 )  
Cs-contact. I = 6700 sec. ( R e f .  I) 
Thrus te r  Systems i n  Research and Development 
magnetic-expansion W D .  I = 420 sec, a t  F = 490 micropounds, 
I = 570 sec. a t  F = 700 miscropunds. Xenon p rope l l an t ,  
a l l  permanent magnets. 
be n o t  needed. (Xefs. 20 and 21)  
Power condi t ion ing  assumed t o  
Hg-bombardment. I = 1 7 0 0  see. Power/-thrust = 220 watt/mlb. 
Power condi t ion ing  e f f i c i e n c y  assumed t o  be nc = 0.7.  
P = (P/F) ( F ) / ( n c )  = 220 x .49 / .7  = 154 w a t t s .  ( R e f .  11) 
a 0 
1 4  
Advanced Concepts 
L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec. Power/thrust  = 5 w a t t / m l b .  
( R e f .  2 )  
l i q u i d  spray. I = 1 2 0 0  sec. Assumed improved charge/mass, 
Power condi t ion ing  e f f i c i e n c y ,  0.7, P = 2+(18+5+5)/,7 = 
42 w a t t s .  ( R e f .  22)  
K hollow-cathode ion  expansion. I = 2600 sec. Potassium 
prope l l an t .  Beam c u r r e n t ,  300 mill iamp. Thrus te r  
system ev/ion, 97.  N e t  a c c e l e r a t i n g  vo l t age ,  110  v. 
Power condi t ion ing  assumed t o  be n o t  needed. 
power, 5 w a t t .  Vapori.zer power, 5 w a t t .  Total  power 
P = . 3 ( 1 1 0 + 9 7 )  3. 1 0  = 72 w a t t s .  ( R e f s ,  2,  23, and 2 4 )  
N e u t r a l i z e r  
isotope/ l iquid-spray.  I = 4000 sec, Telemetry,  2 w a t t s .  
Power from rad io i so tope  e l e c t r o g e n e r a t o r  i n t e g r a l  with 
t h r u s t e r  system. (Refs. 2 and 25) 
INTERWDIATE PROPULSION 
Tfirus ter  Systems i n  Research and Development 
CO biowaste r e s i s t o j e t .  I = 180 sec. Thrus te r  power/thrust ,  -2 
P/F = 4 . 5  watt/mlb. Power f o r  C 0 2  c o l l e c t i o n ,  1 1 0  w a t t  
f o r  24  mill ipounds %hrus t  l e v e l ,  ( R e f .  9 )  
NH resistojet. I = 300 sec. Thrus te r  power/thrust ,  -3 
P/F = 15.7 watt/mlb. (Ref. 26 )  
H g  bombardment. I = 1900 sec. Thrus te r  system power/thrust ,  
P/F = 86 watt/mlb. Power condi t ion ing  e f f i c i e n c y ,  
= 0.88. (Ref. 11) % 
Advanced Concepts 
CO biowaste i s o t o p e / r e s i s t o j e t .  I = 180 sec. Thrus te r  -2 
power/thrust ,  P/F = 1 .5  watt/mlb, 
c o l l e c t i o n ,  110 w a t t  f o r  2 4  milliGound t h r u s t  l e v e l .  
(Ref. 2 )  
Power f o r  C 0 2  
L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec. Thrus te r  power/thrust ,  
P/F = 5 watt/mlb. (Ref. 2)  
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hollow-cathode ion  expansion. I = 1000 sec, Thrus te r  
power/thrust ,  P/F = 60 watt/mlb. Power condi t ion ing  
assumed t o  be n o t  needed. (Refs. 2 ,  23, and 24)  
PRIMARY PROPULSION 
Thrus te r  Sys t e m s  i n  Research and Development 
€i2 r e s i s t o j e t .  I = 740 sec. Plenum temperature ,  220O0K. 
Thrus te r  power/thrust ,  P/F = 24  watt/mlb. ( X e f .  2 6 )  
H g  bombardment. I = 2670 sec. Thrus te r  e f f i c i e n c y ,  
= 0.88. 
n C  
qth = 0 . 7  e 
Power/thrust ,  P/F = (4.45~26,700)/(2~.7~.88) = 96.5 kw/lb. 
(Ref. 11) 
Power condi t ion ing  e f f i c i e n c y  , 
C s  bombardment. I = 3360 sec. Thrus te r  e f f i c i e n c y ,  
= 0.88. 
nC nth = 0.59. 
P o w e r / t h r u s t ,  P/F = (4.45~33,600)/(2~.59~.88) = 1 4 4  kw/lb. 
(Ref. 1 9 )  
Power condi t ioning e f f i c i e n c y ,  
Advanced Concepts 
L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec. Power/thrust ,  
P/F = 5 watt/mlb. (Ref. 2 )  
hollow-cathode ion  expansion. I = 2400  sec. Cesium 
p rope l l an t .  Discharge power, 85 ev/ion. Other powers 
( n e u t r a l i z e r s ,  vapor izers ,  e t c . ) ,  25 ev/ion. P rope l l an t  
u t i l i z a t i o n  e f f i c i e n c y ,  = 0.99. N e t  a c c e l e r a t i n g  
vo l t age ,  400 v. 
0.77. 
(2x.77) = 69 kw/lb. (Refs.  2 ,  23, and 2 4 )  
Thrus te r  e f f i c i e n c y ,  nth = .99/(1+110/400) = 
Power/thrust ,  P/F = 4 . 4 5 v . / ( 2 q t h )  = 4.45~24,060/  
3 
MPD arc. This t h r u s t e r  concept has promise of high performance 
i n  t h e  megawatt power range. I t  is  assumed here  t h a t  t h i s  
concept may be developed t o  a performance level equal  t o  
t h a t  of t h e  ion  expansion advanced concept l i s t e d  above. 
The arc vol tage  i s  approximately 60/qth = 60/.77 = 78 v o l t s .  
(Ref. 27 )  
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3.1 
COMPARISON OF VARIOUS HEAT A D D I T I O N  PROGRAMS TO 
SUPERSONIC NOZZLE FLOW 
by Harry I. Leon, Far iborz P. S a h e l i  and 
William R. Mickelsen 
INTRODUCTION 
Previous a n a l y s i s 3 * l  showed t h a t  it i s  p o s s i b l e  t o  have 
a g r e a t  i n c r e a s e  i n  t h e  e x i t  v e l o c i t y  of a supersonic  nozzle  
by heat add i t ion  i n  t h e  supersonic  s e c t i o n .  
v e l o c i t y  i s  h ighly  d e s i r a b l e  f o r  i nc reas ing  t h e  s p e c i f i c  
impulse of e lec t r ic  t h r u s t e r s .  The v e l o c i t y  increase i n  t h e  
n o z z l e  was found t o  be a func t ion  of both the  amount of heat 
added and of t h e  s t a t i c  temperature of t h e  gas.  However, 
t h e  a rea  r a t io  requi red  f o r  t h i s  v e l o c i t y  i s  very s e n s i t i v e  
t o  t h e  path i n  which t h e  h e a t  i s  added. 
each of t hese  pa ths ,  a computer code was developed. These 
codes are descr ibed i n  t h e  Method of Analysis and a r e  l i s t e d  
i n  t h e  Appendix. 
This g r e a t e r  
* 
Three pa ths  of h e a t  add i t ion  w e r e  s tud ied .  For analyzing 
Code f o r  Heat Addition Optimization Using 
S t e e p e s t  Descent Method 
W i t h  t h i s  code, t h e  maximum exj-t v e l o c i t y  f o r  a given 
set  of i n i t i a l  condi t ions  can be determined by opt imizing 
t h e  nozzle  area v a r i a t i o n s  a s  a func t ion  of t h e  optimum 
h e a t  add i t ion  path.  
descent  op t imiza t ion  and i s  w r i t t e n  i n  a genera l  manner so 
as t o  handle a wide range of opt imiza t ion  problems. It can 
optimize e i ther  by minimizing t h e  entiiropy i n c r e a s e  o r  by 
maximizing t h e  v e l o c i t y  inc rease .  
T h e  code uses  the method of s t e e p e s t  
* This i s ,  of course,  assuming t h a t  t h e r e  a r e  no 
d i s c o n t i n u i t i e s  o r  f r i c t i o n  losses i n  the  flow. 
3.2 
Codes f o r  Nozzle Design with a Combination of 
Heated and Nonheated Supersonic Sec t ions  
Continuous Heating. I n  t h i s  code, h e a t  add i t ion  w a s  a 
l i n e a r  func t ion  of t h e  a r e a  (see Equation 3.20).  A 
combination of l i n e a r  hea t ing  wi th  nonheating gave t h e  
h i g h e s t  v e l o c i t y  pe r  u n i t  area of t h e  pa ths  s tud ied .  
Discontinuous Heating. 
hea t ing  mode except  t h a t  h e a t  i s  added very abrupt ly  ( t o  
s imula te  arc h e a t i n g )  and then  t h e  gas i s  allowed t o  cool  by 
expansion, then again abrupt ly  heated.  This process  i s  
repeated through t h e  nozzle .  
r equ i r e s  much l a r g e r  a r e a  r a t i o s  than f o r  t h e  i d e a l  optimum 
and f o r  t h e  continuous hea t ing  mode, b u t  should provide 
This code i s  s i m i l a r  t o  t h e  continuous 
This mode of h e a t  a d d i t i o n  
performance s u p e r i o r  t o  a s ingle-arc-heated nozzle.  
m T H O D  O F  ANALYSIS 
H e a t  Addition Optimization Using 
S t e e p e s t  D e s  c e n t  Method 
The equat ions  f o r  t h e  flow assumed a s teady  one- 
dimensional v a r i a b l e  area nozzle  with h e a t  a d d i t i o n ,  i n v i s c i d  
f l u i d ,  and no h e a t  l o s s e s .  The following equat ions  given by 
Pai303, a r e  i n  a form s u i t a b l e  f o r  opt imizat ion:  
-3.- (, CpT k ) v _ =  1 (1-M2) 
T - =  1-yM 2 
($4 )  
e =  
(1-M2) -1 ($A) 
T ( 1-M2) 
. 
P - =  
(1-M2) 
A + -  A 
(3.1) 
( 3 . 3 )  
t , 
3.3 
% where, t h e  Mach Number, M ,  i s  given by M = V/(yRT)  , y i s  t h e  
s p e c i f i c  h e a t  r a t i o ,  R is  the gas  cons t an t  and T i s  t h e  
s t a t i c  temperature.  
of h e a t  add i t ion ,  4, and on t h e  area v a r i a t i o n  A(x) .  When 
h e a t  i s  added i n  t h e  supersonic  s e c t i o n  of t h e  nozzle ,  t h e  
rate of change of area, A/A, must be l a r g e r  than G/C T f o r  a 
v e l o c i t y  inc rease .  I f  it i s  less, t h e  v e l o c i t y  w i l l  decrease 
and t h e  Mach Number w i l l  decrease toward 1. A t  M = 1, t h e  
equat ions (3 .1  - 3.4) w i l l  be  discont inuous.  
d i f f e r e n t i a t e d  wi th  r e s p e c t  t o  t h e  nozzle  length ,  x; t h e r e f o r e ,  
t h e  s o l u t i o n s  w i l l  g ive  t h e  flow v a r i a b l e  a t  any p o i n t  along 
t h e  nozzle.  
The s o l u t i o n  of t h e s e  equat ions  depends both on t h e  ra te  
. 
P 
A l l  t h e  v a r i a b l e s  i n  t h e  above set of equat ions are 
Optimization Procedure.  
a t  t h e  e x i t  of t h e  nozz le ,  t h e  method of s t e e p e s t  descent  is 
used304. 
plenum temperature,  t h e  i n i t i a l  Mach Number where h e a t  f i rs t  
added,a nominal model f o r  h e a t  a d d i t i o n ,  and a f i x e d  nozzle 
length.  
done a t  Colorado S ta te  Univers i ty  . 
I n  o rde r  t o  maximize the  v e l o c i t y  
A se t  of i n i t i a l  condi t ions  are assumed, based on 
This nominal model i s  based on a s tudy previously 
3.1 
The se t  of d i f f e r e n t i a l -  equat ions  used are: 
. 1-yM T = T -  
A = BA 
4 = C$ 
s = $  
(3.8) 
(3.9) 
where C i n  equat ion (3.8) i s  an a r b i t r a r i l y  chosen cons tan t  
and B = 2 i s  t h e  c o n t r o l  func t ion .  
3.4 
The method of s t e e p e s t  descent  i s  app l i ed  t o  equat ions 
(3.5 - 3.9) as fol lows:  
1. 
2. 
3.  
A nominal p r o f i l e  f o r  t h e  area A(x) is assumed. The 
nominal model i s  used f o r  t h e  i n i t i a l  h e a t  a d d i t i o n  path.  
For a given s e t  of i n i t i a l  condi t ions ,  t h e  equat ions  
(3.5 - 3.9) are forwardly i n t e g r a t e d  along t h e  nozzle 
a x i s  t o  determine t h e  s t a t e  va r i ab le s .  
The a d j o i n t  d i f f e r e n t i a l  equat ions:  
. T -  x - (F) h (3.10) 
can be so lved  us ing  t h e  c o n t r o l  func t ion ,  6, t h e  v e l o c i t y ,  
Vx=L f as t h e  payoff ,  and x=L as  t h e  s topping condi t ion.  
I n  equat ion  (3.10) X i s  t h e  a d j o i n t  vec to r ,  and F i s  t h e  
mat r ix  given by: 
- 
a y  
a v  a v  a v  a v  a v  
a v  a T  aA a s  -
a A  a A  a A  a A  a A  -E 7 a T a A E a s  
as a s  a s  a s  a s  
a v  a T  aA a s  - -  -
(3.11) 
where 7 i s  t h e  s t a t e  vec to r ,  = ' I V ,  T ,  A, q ,  SI. The terms 
i n  t h e  mat r ix  are eva lua ted  along the  nominal path.  The 
i n i t i a l  cond i t ion  f o r  t h e  a d j o i n t  d i f f e r e n t i a l  equat ion  is:  
?<> = 11, 0, 0, O f  0 1  (3.12) 
ay X=L 
4 .  
5. 
6. 
3.5 
The mat r ix  E (given below) i s  then evaluated.  
a B  
( 3 . 1 3 )  
The new c o n t r o l  func t ion ,  6B(x) ,  can then  be eva lua ted  
as follows: 
-T- s a ( x )  = Bnew(x) - Bnominal (x)  = KG X 
(3.14) 
where K i s  a cons t an t  which determines t h e  s t e p  s i z e  f o r  
t h e  i t e r a t i v e  process .  
The new c o n t r o l  v a r i a b l e ,  BneW(x) , is  subs t i t uded  f o r  B 
i n  equat ions  (3.5 - 3.9) . These equat ions are then 
i n t e g r a t e d  t o  o b t a i n  t h e  new s ta te  v a r i a b l e s .  
V should i n c r e a s e  dur ing  t h i s  i t e r a t i o n .  
repeated 
r a t i o  o r  t h e  maximum h e a t  a d d i t i o n  are m e t .  
The v e l o c i t y ,  
The process  i s  
u n t i l  t h e  c o n s t r a i n t s  on e i ther  t h e  maximum a rea  
Supersonic Nozzle Design w i t h  Combination 
of Heated and Nonheated Sec t ions  
Linear  Heating. 
of t h e  nozzle  i s  given by t h e  equat ion:  
The v e l o c i t y  i n c r e a s e  i n  t h e  heated s e c t i o n  
(3.14) 
(See References 3 . 1  and 3.2) 
t h a t  t h e  v e l o c i t y ,  V, w i l l  i n c r e a s e  a s  long as:  
It  i s  noted from t h i s  equat ion 
M2) d(To) . - >  dA ( 1 + -  
A 2 TO 
(3.15) 
3.6 
where A i s  the  c ros s  s e c t i o n  a r e a  of t h e  nozzle ,  y i s  t h e  
s p e c i f i c  h e a t  r a t i o ,  To i s  t h e  s t a g n a t i o n  temperature,  and 
M i s  t h e  Mach Number. 
The v e l o c i t y  i n c r e a s e  i n  t h e  hea ted  s e c t i o n  of t h e  nozzle  
w a s  analyzed by i n t e g r a t i n g  equat ion ( 3 . 1 4 ) .  Since t h e  path 
of h e a t  a d d i t i o n  ( t h e  r e l a t i o n s h i p  between dA and d To) is  
no t  def ined ,  t h e  equat ion w a s  i n t e g r a t e d  by numerical  methods. 
I n  o r d e r  t o  accomplish t h i s ,  equa t ion  (3.14) w a s  w r i t t e n  i n  
f i n i t e  d i f f e r e n c e  form as shown below: 
rn 
I 
y-1 -2 An - 1 - (1 + (-1 M 2 
On 
(3.16) 
where 
(The conversion on t h e  average Mach Number f o r  each i n t e r v a l  
of a r e a  and s t a g n a t i o n  temperature charge w a s  explained i n  
Reference 3.1. ) 
i s  t h e  average Mach Number between s e c t i o n  n and n+ l ,  
The value of t h e  area r a t i o ,  AR, where: 
An+l 
An 
AR = - (3.17) 
w a s  i n i t i a l i z e d  a t  t h e  nozzle  t h r o a t .  Then t h e  area r a t i o ,  AR, 
w a s  increased  i n  s m a l l  s t e p s ,  c a l l e d  DAR. DAR w a s  found t o  
g ive  good r e s u l t s  when t h e  va lue  of 0 . 0 0 1  w a s  chosen. 
change i n  area r a t i o  of each s t e p  w a s  w r i t t e n  as: 
Thus t h e  
AR = AR + DAR (3.18) 
The s t agna t ion  temperature r a t io ,  TR, where: 
T 
On+l 
TR = rn (3.19) 
f o r  each s t e p ,  was then  allowed t o  vary a s  a func t ion  of t h e  
a rea  r a t i o ,  AR. 
P 
3.7 
Many pa ths  f o r  h e a t  add i t ion  f o r  the nozzle w e r e  s tud ied .  
The b e s t  pa ths  analyzed w e r e  i n  t he  form: 
TR = AR-‘ (3.20) 
where c w a s  an i n p u t  cons tan t  i n t o  t h e  program. 
design f o r  t h e  nozzle  w a s  found t o  have va lues  of c between 
1 and 5. 
The optimum 
The abrupt  hea t ing  of t h e  supersonic  s e c t i o n  of t h e  
nozzle w a s  s i m i l a r  t o  t h e  code above except  tha-t  t h e  h e a t  w a s  
added very abrupt ly  t o  s imula te  a s p e c i a l  type  of arc hea t ing .  
A s  noted by equat ions ( 3 . 1 4 )  and (3 .15) ,  un less  t h e  area of 
t h e  nozzle  i s  changed a t  a s u f f i c i e n t  rate (compared t o  t h e  
s t agna t ion  temperature change) t h e  v e l o c i t y  of t h e  gas w i l l .  
n o t  i nc rease .  Since t h e  a rea  change i s  small  f o r  a supersonic  
f l o w  heated a t  a cons tan t -ve loc i ty ,  it w a s  assumed t h a t  t h e  
h e a t  was added abrupt ly .  The a n a l y s i s  of t h e  heat add i t ion  
along t h i s  path w a s  made by s e t t i n g  dv i n  equat ion (3.14) 
equal  t o  zero and i n t e g r a t i n g  i n  c losed form. The a r e a  r a t i o  
requi red  f o r  a cons tan t -ve loc i ty  h e a t  a d d i t i o n  i s  given by 
t h e  expression: 
y+l 2 2  1 + -  2 AR = (TR) (3.21) 
The design f o r  t h e  nozzle h e a t e r  would then c o n s i s t  of 
s e v e r a l  arcs, each having a s e c t i o n  of non-heated expansion 
between them. The non-heated s e c t i o n  of both t h e  l i n e a r l y -  
hea ted  and t h e  abruptly-heated nozzles  w i l l  be d iscussed  below. 
Non-Heated Expansion. A s tudy  w a s  made of t h e  e f f e c t  of a non 
heated sect ion between t h e  hea ted  s e c t i o n s  of both t h e  l i n e a r l y -  
heated and t h e  discontinuously-heated nozzle.  The a n a l y s i s  
for  t h e  v e l o c i t y  i n c r e a s e  w i t h  non-heated expansion w a s  made 
using equat ion (3.14) with d(To) = 0. 
was solved by numerical  methods s i m i l a r  t o  equat ion (3.16)  
g iv ing  : 
The r e s u l t i n g  equat ion 
- =  “n+ 1 [A, - l] [ ~ ; 1  C 1 
’n 
(3.22) 
n 
3 . 8  
Thus, when t h e  a rea  i s  inc reas ing  (AR > 1) , t h e  v e l o c i t y  of 
t h e  f l o w  i nc reases .  Then using t h e  f i r s t  l a w  of 
thermodynamics, t h e  s t agna t ion  temperature can be w r i t t e n  as*: 
(3.23) 
where T i s  t h e  s t a t i c  temperature.  Therefore ,  when t h e  
s t agna t ion  temperature,  
i s  inc reas ing  due t o  t h e  i n c r e a s e  i n  nozzle  a r e a ,  t h e  s t a t i c  
temperature w i l l  decrease during t h e  expansion. 
i s  he ld  cons t an t  and t h e  v e l o c i t y  
TO 
Combination of Hezlted and Non-heated Nozzle. The non-heated 
expansion was incorpora ted  i n  t h e  nozzle between t h e  heated 
s e c t i o n s  and between the  l a s t  heated s e c t i o n  and t h e  nozzle 
e x i t .  
temperature reached a s p e c i f i e d  naximw, and then was allowed 
t o  expand without  heat add i t ion  u n t i l  t h e  temperature reached 
a s p e c i f i e d  minimum. Then hea t ing  w a s  again repeated.  Many 
combinations of maximum and m i n i m u m  s t a t i c  temperatures w e r e  
s tud ied .  The hea t ing  pa ths  w e r e  a l s o  v a r i e d  f o r  t h e  l i n e a r l y -  
heated path.  
The gas was hea-ted i n  t h e  nozzle u n t i l  t h e  s t a t i c  
rnSULTS 
T h e  add i t ion  of h e a t  t o  a supersonic  nozzle  was found 
t o  i n c r e a s e  t h e  v e l o c i t y  of t h e  gas i f  t h e  area i s  enlarged 
a t  a rate s u f f i c i e n t  t o  accommodate t h i s  hea t .  A s  seen  from 
equat ion ( 3 . 2 3 ) ,  t h e  e x i t  v e l o c i t y  i s  only a func t ion  of t h e  
e x i t  s t a t i c  temperature and the  s t agna t ion  temperature,  o r  
t he  t o t a l  h e a t  a d d i t i o n  t o  t h e  gas.  
t h e  h e a t  added t o  a l i t h i u m  p r o p e l l a n t  is  shown on Figure 3.1. 
The a r e a  change r equ i r ed  t o  o b t a i n  t h i s  e x i t  v e l o c i t y ,  i s  
however, a s t rong  func t ion  of the  pa th  i n  which t h e  heat i s  
added t o  t h e  stream. 
The e x i t  v e l o c i t y  versus  
- 
* I n  t h i s  equat ion it i s  assumed t h a t  t h e  gas obeys t h e  
p e r f e c t  gas l a w  with cons t an t  s p e c i f i c  h e a t ,  cons t an t  
molecular weight,  and i s e n t r o p i c  expansion. 
3.9 
H e a t  Addition Optimization Using t h e  
S t e e p e s t  Descent Method 
This  program w a s  incomplete a t  t h e  r e p o r t i n g  t i m e  s i n c e  
t h e  c o n s t r a i n t s  which l i m i t  t he  maximum amount of h e a t  
add i t ion  and maximum area change w e r e  n o t  as y e t  incorpora ted  
i n t o  t h e  program. However, t h e  pre l iminary  r e s u l t s  of t h e  
code are very encouraging. A t y p i c a l  v e l o c i t y  i n c r e a s e  on 
each i t e r a t i o n  is  shown i n  Figure 3 .2  f o r  a l i t h ium p rope l l an t .  
The corresponding a r e a ,  h e a t  a d d i t i o n ,  and temperature change 
f o r  each i t e r a t i o n  i s  shown i n  Figures  3 . 3  and 3 . 4 .  The 
r e s u l t s  shown on Figure  3 . 4  a r e  p a r t i c u l a r l y  i n t e r e s t i n g  
s i n c e  t h e  h e a t  a d d i t i o n  starts approaching a reg ion  of 
expansion with.out h e a t i n g  a f t e r  t h e  heated s e c t i o n .  The 
hea t ing  of a nozzle  wi th  h e a t  a d d i t i o n  i n  one s e c t i o n ,  then 
continued expansion wi thout  h e a t  add i t ion ,  was found i n  t h e  
r e s u l t s  below, t o  g i v e  a smal le r  a r e a  r a t i o  f o r  t h e  same 
v e l o c i t y  than a continuously-heated nozzle.  
Eozzle Design wi th  a Combination of Heated and 
Non-heated Supersonic Sec t ion  
1. Linearly-heated nozzle  expansion between non-heated expansions.  
Typical  r e s u l t s  of t h i s  study w e r e  ob ta ined  by using 
l i t h i u m  p r o p e l l a n t .  F igure  3 . 5  shows t h e  requi red  a r e a  r a t i o  
versus  v e l o c i t y  f o r  two ranges of s t a t i c  temperatures i n  
t h e  l i nea r ly -hea ted  pa th  between non-heated s e c t i o n s .  The 
corresponding h e a t  a d d i t i o n  requi red  f o r  t h e  v e l o c i t y ,  shown 
i n  Figure 3.5,  versus  v e l o c i t y  i s  p l o t t e d  on Figure 3 . 7 .  I f  
t h e  v e l o c i t y  w a s  co r rec t ed  t o  a given s t a t i c  temperature,  the  
amount of h e a t  a d d i t i o n  r equ i r ed  would be the  same as  t h a t  
given on Figure 3.1. 
The area requ i r ed  f o r  a continuously-heated nozzle  versus  
v e l o c i t y  i s  shown on Figure 3 . 6 .  A comparison of Figures  3.6 
and 3.5 shows t h a t  t h e  r equ i r ed  a r e a  r a t i o  i s  considerably 
l a r g e r  f o r  t h e  continuously-heated pa th  t h a n  f o r  t h e  pa th  
with non-heated expansion between t h e  heated s e c t i o n s .  For 
example, a t  a v e l o c i t y  of 6000  m/sec, t h e  l inear ly-hea ted  
nozzle with non-heated expansions requi red  an  a r e a  r a t i o  of 
3.10 
approximately 3 0 ,  whi le  t h e  continuously-heated nozzle f o r  
t h e  same v e l o c i t y  r equ i r ed  an a r e a  r a t i o  of approximately 30. 
2. Abruptly-heated nozzle  between non-heated expansions.  
Figure 3.8 shows v e l o c i t y  versus  area f o r  a nozzle  
heated a t  cons t an t  v e l o c i t y  ( t o  approximate arc hea t ing )  with 
non-heated expansions between t h e  heated regions.  
corresponding pa th  of  h e a t  a d d i t i o n  fo r  Figure 3 . 8  i s  p l o t t e d  
versus  v e l o c i t y  on Figure 3 . 9 .  A comparison of t h e  area 
r a t i o  r equ i r ed  f o r  t h i s  pa th  of h e a t  a d d i t i o n  wi th  o t h e r  
pa ths  s t u d i e d  shows t h a t ,  a t  a v e l o c i t y  of 6000  m / s e c ,  an 
a rea  r a t i o  of approximately 1 0 0  i s  r equ i r ed ,  compared wi th  an 
a r e a  r a t i o  of 1 0  f o r  a l i nea r ly -hea ted  nozzle between non- 
heated expansions and 3 0  f o r  t h e  continuously-heated path.  
The 
CONCLUSIONS AND FUTURE WORK 
H e a t  Addi t ion Optimization Using 
S t e e p e s t  Descent Method 
1. The pre l iminary  r e s u l t s  of t h i s  program show t h a t  
it w i l l  be a va luab le  t o o l  i n  opt imizing t h e  nozzle design. 
2. Future work w i l l  be i n  p l ac ing  c o n s t r a i n t s  of 
maximum h e a t  a d d i t i o n  and a r e a  charge i n t o  t h e  computer 
program and i n  combining t h i s  code w i t h  t h e  code of hea t ing  
and non-heating expansion. 
Nozzle Design w i t h  a Combination of Heated and 
Non-heated Supersonic Sec t ions .  
1. The use of a combination of heated and non-heated 
sections i n  t h e  nozzle  was found t o  g i v e  a much smal le r  
nozzle  a r e a  than  a continuously-heated nozzle.  
2. There i s  l i t t l e  change i n  t h e  nozzle  a r e a  requi red  
i f  t h e  temperature l i m i t s  ( i .e.  maximum and minimum s t a t i c  
temperatures) i n  t h e  supersonic  s e c t i o n  of t h e  nozzle  are 
charged. This i s  shown i n  Figures  3.5 and 3 . 8 .  
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3. The abrupt  hea t ing  with expansion requi red  a g r e a t e r  
area r a t i o  f o r  a given v e l o c i t y  than e i t h e r  t h e  continuously- 
heated nozzle  o r  t h e  nozzle  heated l i n e a r l y  between non-heated 
expansions,  However, it should be  pointed o u t  t h a t  an arc- 
heated nozzle  wi thou t  non-heated expansions between t h e  heated 
s e c t i o n s  could n o t  o b t a i n  an e x i t  v e l o c i t y  of 6000 m / s e c  w i th  
l i t h i u m  p r o p e l l a n t  wi th  reasonable  s t a t i c  temperatures.  
4. Future work w i l l  inc lude  t h e  real gas e f f e c t s * ,  
a c t u a l  s p e c i f i c  h e a t  versus  temperature,  f r i c t i o n  i n  t h e  
nozzle,  and d i s s o c i a t i o n  of t h e  gas molecules. 
3.1. 
3.2, 
3.3. 
3 . 4 .  
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NOYINCLATURE 
- I 
P 
C 
DAR = 
T R  = 
V - 
a rea ,  area p e r  u n i t  f low rate 
area r a t io ,  equat ion  (3 .17 )  
p r o p o r t i o n a l i t y  cons t an t ,  equa t ion  { 3.8) 
cons tan t  d e n s i t y  h e a t  pa th ,  equat ion  (3.20) 
s p e c i f i c  h e a t  of gas a t  cons t an t  p re s su re  
area r a t io  increment,  equa t ion  (3.18)  
mat r ix  def ined  by equat ion  (3.11) 
mat r ix  def ined  by equat ion (3.13) 
nozzle  length  
Mach N u m b e r  
p r e s su re  
h e a t  i n p u t  
gas cons t an t  
entropy 
plenum s t a g n a t i o n  temperature 
s t a g n a t i o n  temperature a f te r  h e a t  a d d i t i o n  i n  
s t a g n a t i o n  temperature r a t i o ,  equat ion  (3 .19)  
v e l o c i t y  
d i s t a n c e  downstream of nozzle  t h r o a t  
s t a t e  v e c t o r  
c o n t r o l  v a r i a b l e  
s p e c i f i c  h e a t  r a t i o  
a d j o i n t  v e c t o r  
d e n s i t y  
supersonic  s e c t i o n  of nozzle  
supers  cr i p  ts  
- t o t a l  d e r i v a t i v e  with r e s p e c t  t o  independent v a r i a b l e  
- - normalized va lue  
T - t ranspose  
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4 . 1  
MEASUREMENT .OF NEUTRAL-ATOM SPEED 
I N  BOMBARDJ4EMT THRUSTERS 
by Richard Moore 
During t h i s  g r a n t  per iod  s e v e r a l  changes w e r e  made i n  
o rde r  t o  improve t h e  experiment.  A l a r g e r  d.c.  motor with 
t h r e e  t i m e s  the  power r a t i n g  of t h e  o r i g i n a l  motor w a s  
purchased t o  d r i v e  the  v e l o c i t y  selector. 
because it w a s  found t h a t  t h e  smaller motor would n o t  s t a r t  
t h e  s e l e c t o r  from rest i n  t h e  vacuum chamber unless  t h e  
selector bear ings  has  j u s t  been l ~ b r i c a t e d ~ ' ~ .  
new motor i n s t a l l e d  no more problems have been encountered 
w i t h  t h e  v e l o c i t y  s e l e c t o r .  
s e l e c t o r  up t o  speeds of 1 2 , 0 0 0  R P M .  This means t h a t  i n  
o rde r  f o r  a mercury atom w i t h  an average speed, given by 
(2.55kT/m)*, t o  g e t  through t h e  v e l o c i t y  s e l e c t o r ,  t h e  
temperature of t h e  gas  would have t o  be = 4000'K. 
i f  t h e  n e u t r a l  gas i s  a t  t h e  temperature of t h e  t h r u s t e r  w a l l s ,  
which is  = 500'K, t h e  v e l o c i t y  s e l e c t o r  w i l l  s t o p  a l l  b u t  a 
This w a s  necessary 
With the  
T h e  new motor w i l l  d r i v e  t h e  
Therefore,  
s m a l l  f r a c t i o n  of the  mercury atoms which make up t h e  beam 
from t h e  t h r u s t e r .  
I n  o rde r  t o  d e t e c t  t h e  number of molecules which make it 
through t h e  selector an 
being used. 
p ick  o u t  a weak s i g n a l  which i s  superimposed on top  of a l a r g e  
unwanted s i g n a l .  This  is  accomplished by making t h e  -des i r ed  
s i g n a l  along wi th  a r e fe rence  s i g n a l ,  u sua l ly  a photo ce l l  
and l i g h t  source ,  appear a t  a c e r t a i n  frequency and phase 
angle.  
frequency a t  which t h e  s i g n a l  w i l l  appear. Since most of 
t he  unwanted signal.  w i l l  have random frequencies  and phase 
angles ,  only t h e  d e s i r e d  s i g n a l  along wi th  a s m a l l  component 
of no i se ,  which appears a t  t h e  se t  frequency, should be recorded. 
is  f i r s t  chopped a t  a frequency of 330 C.P.S. Then atoms move 
on through t h e  v e l o c i t y  s e l e c t o r  i n t o  the  ion  gauge where a 
ion  gauge and lock-in ampl i f i e r  are 
The func t ion  of t h e  lock-in ampl i f ie r402  i s  t o  
The lock-in a m p l i f i e r  i s  then s e t  t o  look a t  t h e  
I n  our  case the  f l u x  of n e u t r a l  atoms from t h e  t h r u s t e r  
4.2 
f r a c t i o n  of t h e m  are ionized .  The s i g n a l  from t h e  ion  gauge 
is  s e n t  t o  t h e  lock-in ampl i f i e r  where t h e  d e s i r e d  information 
i s  recorded on s t r i p  c h a r t  paper.  
When t h e  above set  up was f i rs t  run, the lock-in ampl i f i e r  
d i d  n o t  func t ion  c o r r e c t l y .  I n  o r d e r  t o  determine i f  t h i s  was 
a f a u l t  of t h e  a m p l i f i e r ,  a high i n t e n s i t y  beam w a s  produced 
which could be e a s i l y  measured. The beam was produced by 
c los ing  of f  t h e  f r o n t  end of the  t h r u s t e r  and in t roducing  
argon gas i n t o  t h e  t h r u s t e r  a t  a flow r a t e  of = 5 x 1 0  
molecules/sec with t h e  d ischarge  o f f .  When equi l ibr ium i n  
the  t h r u s t e r  i s  obta ined ,  t h e  f l o w  i n  equals  t h e  f l o w  out .  
Of t h e  t o t a l  flow o u t  of t h e  t h r u s t e r  only 7 .8  x 1014 molecules/ 
sec make up t h e  beam which e n t e r s  the  ion  gauge. T h i s  i s  
compared t o  a f l u x  of  10l2 molecules/sec when the t h r u s t e r  i s  
operated with no cover on t h e  f r o n t .  A mechanical s h u t t e r  
was placed i n  such a p o s i t i o n  t h a t  t h e  beam can be turned o f f  
and on by hand. 
17 
The lock-in a m p l i f i e r  w a s  then opera ted  using the  i n t e n s e  
beam. I t  s t i l l  d id  n o t  work c o r r e c t l y .  It was l a t e r  found 
t h a t  t h e  c h a s s i s  of t h e  lock-in a m p l i f i e r  w a s  n o t  grounded 
c o r r e c t l y .  When t h i s  was co r rec t ed  a s i g n a l  of 1 0 0  microvol ts  
w a s  obtained,  using an emission c u r r e n t  of  8 ma i n  t h e  ion  
gauge. The s i g n a l  w a s  due t o  beam molecules because when t h e  
s h u t t e r  w a s  p laced i n  f r o n t  of t h e  beam t h e  s i g n a l  dropped by ' 
1 0 0  microvol ts .  I t  has s i n c e  been found t h a t  when t h e  
v e l o c i t y  s e l e c t o r  i s  used, t h e  s i g n a l  from t h e  lock-in ampl i f i e r  
does n o t  behave t h e  way it should.  W e  are now a t  t h e  p o i n t  
of t r y i n g  t o  determine t h e  reason and c o r r e c t  it. A s  a 
d i a g n o s t i c  t o o l ,  some rough measurements w i l l  be taken using 
t h e  osc i l l o scope  as t h e  s i g n a l  d e t e c t o r .  
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5.1 
AN ANALYSIS OF  ELECTROSTATIC-SPRAYING F L U I D S  I N  
TERMS OF THEIR ELECTROLYTIC SOLUTION CHARACTERISTICS 
by V. Steadman and G. W. Tompkin 
- The s tudy  of  t h e  behaviour  of  e l e c t r o l y t i c  s o l u t i o n s  a t  
high electric f i e l d s  i s  a va luable  means of  i n t e r p r e t i n g  t h e  
r e s u l t s  of  e l e c t r o s t a t i c  spraying  experiments.  The primary 
b a s i s  f o r  th inking  t h a t  one can i s o l a t e  t h e  con t r ibu t ion  of 
t h e  conduct iv i ty  of t h e  p r o p e l l a n t s  i n  t h e s e  experiments i s  
furn ished  by P f e i f e r ' s  theory  5 * 1  and i t s  agreement wi th  
experiment. I n  t h i s  theory ,  i t  i s  e s t a b l i s h e d  t h a t :  
where 1 
M = m a s s  f low rate ,  
d = s u r f a c e  t ens ion ,  
p = dens i ty ,  
Eo = electric f i e l d  s t r e n g t h  a t  t h e  c a p i l l a r y  t i p ,  
a ( E o )  = conduct iv i ty  as a func t ion  of  Eo. 
For NaC1-doped g lyce r ine ,  t h e  empi r i ca l  dependence of t h e  
s p e c i f i c  charge q 5.2. . on a(Eo) has been found t o  be  S 
(Theore t ica l ly ,  f o r  t h i s  N a - C 1  g lyce r ine  system, K = 6.0 x 
i n  MKS u n i t s . )  Such accuracy i n  t h e  theory  i s  f o r t u i t o u s ,  b u t  
marked s imi la r i t i es  between qs as a func t ion  of Eo and 
conduct iv i ty  as a func t ion  of Eo are expected i n  genera l .  
I n  f a c t ,  it appears  t h a t :  
5.2 
"Thorough understanding of e l e c t r o s t a t i c  
spraying r e q u i r e s  thorough understanding of t h e  i o n i c  
conduction a t  high f i e l d s .  Excessive high f i e l d  
conduct iv i ty  s t u d i e s  of doped o rgan ic  s o l u t i o n s  appear 
t o  be necessary.  a5 1 
Problem areas i n  t h e  genera t ion  of  charged p a r t i c l e s  by 
e l e c t r o s t a t i c  spraying i n  which knowledge of e l e c t r o l y t e  
behaviour i s  capable of a id ing  i n  a n a l y s i s  are: 
'(1) i n e f f i c i e n c y  as evidenced by non-narrow 
p a r t i c l e  d i s t r i b u t i o n s  
. ( 2 )  f a c t o r s  which enhance t h e  conduct iv i ty  of a 
p a r t i c u l a r  p r o p e l l a n t  a t  otherwise f ixed  
system condi t ions  
( 3 )  i n t e r f e r e n c e s  which make a given p r o p e l l a n t  
s u i t a b l e  f o r  e lectrostat ic  spraying  a t  only 
one needle  p o t e n t i a l  p o l a r i t y  
(4) i n e f f i c i e n c y  occurr ing  from energy loss i n  
There are t w o  r a t h e r  d i s t i n c t  a spec t s  t o  the c h a r a c t e r i s t i c s  
t he  d r o p l e t  e x t r a c t i o n  process.  
of p r o p e l l a n t s  which a f f e c t  t h e i r  average charge-to-mass r a t i o  
and t h e  beam e f f i c i e n c y  ns. These a spec t s  a r e  t h e  tendency t o  
f o r m  both ions  and macromolecular charged p a r t i c l e s  under t h e  
same condi t ions  and t h e  tendency t o  produce s e v e r a l  d i s t i n c t  
spec ie s  of charged c o l l o i d  p a r t i c l e s  i n  a given beam. A 
c o r r e l a t i o n  between t h e  v a r i a t i o n  of t h e  degree of i o n  ( o r  
aggregate) production w i t h  needle  p o t e n t i a l  and changes i n  t h e  
numbers of ions  ( o r  aggregates)  i n  a given s o l u t i o n  with app l i ed  
p o t e n t i a l  may be poss ib l e .  Many observa t ions  503-5*5 on t h e  
v a r i a t i o n  of qs and 
spraying experiments i n d i c a t e :  
w i t h  needle  p o t e n t i a l  i n  electrostatic 
S 
(1) t h e  number of i ons  i n  t h e  beam i n c r e a s e s  wi th  
inc reas ing  p o t e n t i a l ,  and 
( 2 )  t h e  beam e f f i c i e n c y  decreases  wi th  i n c r e a s i n g  
appl ied  needle  p o t e n t i a l .  
A good i l l u s t r a t i o n  of t h i s  s i t u a t i o n  i s  seen i n  Figure 5.1,  
taken from Ref. 5.5. ( N o  research  p r o p e l l a n t s  a t  p r e s e n t  have 
q, and qs values  such t h a t  t h e i r  p o i n t s  l i e  wi th in  t h e  d o t t e d  
''v" region. ) 
5.3 
This i nc rease  i n  t h e  number of i ons  wi th  appl ied  f i e l d  
agrees  q u a l i t a t i v e l y  wi th  Onsager 's  ion-pa i r  d i s s o c i a t i o n  
theory5'  '. 
(not  n e c e s s a r i l y  ion -pa i r s )  which tend t o  form charged c o l l o i d s  
inc reas ing ly  " d i s s o c i a t e "  ae h igher  electric f i e l d  s t r e n g t h s  
t o  form ions  ( o r  smaller i o n i c  e n t i t i e s ) .  The fol lowing 
equat ion,  due t o  Onsager, i n d i c a t e s  t h e  increased  conduct iv i ty  
t o  be expected wi th  an inc rease  i n  f i e l d  s t r e n g t h  i n  t h e  case 
of ion-pa i rs :  
I n  t h e  electrostatic spraying case ,  e n t i t i e s  
3 
2 2 - 1 4 -  e 
K 
K 
- _  
4ck T 0 
(5.3) 
where K ( K  0 ) is s p e c i f i c  conduct iv i ty  a t  an electric f i e l d  E (Eo), 
and E i s  p e r m i t t i v i t y  of t h e  d i e l e c t r i c .  
Aa accompanying inc rease  i n  i o n i c  spec ies  s i n c e  - K = - a' where - 
i s  t h e  increase i n  t h e  percentage of d i s s o c i a t e d  ion-pa i rs .  
By analogy then,  one would expect  t h e  increase i n  average q 
t o  be accompanied by lowered beam e f f i c i e n c y  (due t o  an i n c r e a s e  
i n  t h e  r e l a t i v e  number of d i f f e r e n t  spec ie s  p re sen t )  , 
been found. 
sh ips  between appl ied  needle  p o t e n t i a l ,  qs, and beam e f f i c i e n c y  
exis ts  i s  NaOH-glycerol. 
follows . 
There i s  an 
. s  
a s  has 
A p r o p e l l a n t  i n  which monotonicity i n  t h e  r e l a t i o n -  
P a r t i a l  d a t a  f o r  t h i s  system a r e  a s  
5.4. 
Needle p o t e n t i a l  (kv) Pressure  ("Hg) Q,(%) qs 
P 
6 
7 
8 
9 
10 
10 89.2 157 
1 0  81.5 295 
10 73.9 516 
69.9 770 1 0  
1 0  70.0 871 
Thus, whereas P f e i f e r ' s  theory only accounts f o r  an overal l  
i nc rease  i n  t h e  average q S with inc reas ing  p o t e n t i a l ,  it may 
be f u r t h e r  poss ib l e  t o  account €or  t h e  o v e r a l l  decrease i n  
e f f i c i e n c y  by cons idera t ion  of e lec t r ic - f ie ld-enhanced  
d i s s o c i a t i o n  processes .  
Q v b 
5.4 
A case i n  which q u i t e  l a r g e  d i s t i n c t  aggregates  must be 
p re sen t  i n  t h e  beam i s  t h a t  of tetraethylammonium ch lo r ide  ('~!EAc) 
i n  o l e i c  acid (<q  > = 4 1 . 2  coul/kg; ns = 86% 5 * 5 ) .  
d i s t i n c t  peaks corresponding t o  p a r t i c l e s  with s m a l l  qsts have 
beenfound i n  t h e  v e l o c i t y  d i s t r i b u t i o n  of t h i s  s o l u t i o n .  Such 
a r e s u l t  is  n o t  s u r p r i s i n g  s i n c e  ammonium sa l t s  wi th  long 
hydrocarbon s ide-cha ins  commonly form d i s t i n c t  polymer spec ie s  
i n  organic  s o l u t i o n s 5 '  7. T h e  d ipo le  moments and molecular 
r a d i i  of such  s p e c i e s  have been measured i n  some cases so7 .  (A 
"molecular" r a d i u s  of 25 A and a d i p o l e  moment corresponding 
t o  a charge s e p a r a t i o n  of 1 . 6  A are t y p i c a l  of such aggregates  I .  
The effects of m o s t  of t h e  charges a r e  cance l led  by 
Such species--or  a tendency t o  form such aggregates  i n  t h e  
developing droplet--may have l e d  t o  t h e  p e c u l i a r  peaks 
mentioned above f o r  TEAC-oleic acid.  It  would be  of i n t e r e s t ,  
then,  t o  c o r r e l a t e  t h e  concent ra t ions  of var ious  aggregates 
under n o n - e l e c t r o s t a t i c  spraying  condi t ions  ( b u t  s t i l l  high 
e lectr ic  f i e l d )  w i t h  t hose  found t o  be p re sen t  i n  t h e  charged 
beam. Dipole absorp t ion  techniques superimposed on a d.c.  
electric f i e l d  would allow one t o  determine v a r i a t i o n s  i n  t h e  
s i z e  and types of these aggregates  wi th  inc reas ing  g. 
absorpt ion occures  a t  megacycle f requencies  f o r  such aggregates .  
Due t o  t h e  f i n i t e  alignment t i m e  of the  i o n i c  atmosphere, one 
would n o t  see inc reased  conduct iv i ty  (and poss ib ly  n o t  increased  
d i s s o c i a t i o n )  wi th  increased  appl ied  E ,  i f  only an a.c. f i e l d  
is  p resen t5  7. ) 
e f f i c i e n c y  f o r  high qs ( t h e  do t t ed  "V" reg ion  i n  Figure 5.11, 
one must cons ider  f a c t o r s  which favor  m enhanced conduct iv i ty  
of one propel l -ant  over  another  a t  f i x e d  system condi t ions .  
E l e c t r o l y t e s  are known f o r  which an i n c r e a s e  i n  concent ra t ion  
g r e a t l y  enhances t h e  average qs value  b u t  does n o t  a l t e r  t h e  
e f f i c i e n c y .  An example i s  NaI-glycerol,  t h e  d a t a  f o r  which is  
5.8- as fol.lows . 
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This phenomenon should be even more enhanced f o r  e l e c t r o l y t e s  
which form micelles a t  and above a r a t h e r  d e f i n i t e  concent ra t ion  
region. For i n s t a n c e ,  i n  aqueous s o l u t i o n s ,  it has been found 
t h a t  2 x M s o l u t i o n s  of cetylpyridonium c h l o r i d e  have a 
conductance 30% g r e a t e r  than t h a t  of s o l u t i o n s  of the  same s a l t  
a t  i n f i n i t e  .* S i m i l a r  increases i n  t h e  conductance 
of MgS04 i n  glycerol-water  mixtures have a l s o  been a t t r i b u t e d  
t o  micelle fo rna t ion  i n  t he  p a s t  . 
multi-charged micelles make a g r e a t e r  c o n t r i b u t i o n  t o  
conductance than  a corresponding number of s i n g l e  ions  on t h e  
b a s i s  of decreased o v e r a l l  v i s c o s i t y  e f f ec t s506 .  
such micelle s o l u t i o n s  s e e m  l i k e l y  candida tes  f o r  t h e  production 
of high s p e c i f i c  charge p r o p e l l a n t s  w i th  high beam e f f i c i e n c y .  
(The inc rease  i n  conduct iv i ty  seems t o  r u l e  o u t  the  p o s s i b i l i t y  
t h a t  these micelles a r e  a c t u a l l y  mul t ip l e  ion-pa i r  aggregates ,  
i n  which t h e r e  i s  an o v e r a l l  c a n c e l l a t i o n  of charges r a t h e r  
than a multiply-charged e n t i t y .  ) 
of a p a r t i c u l a r  e l e c t r o l y t i c  s o l u t i o n  i s  t h e  a b i l i t y  t o  
The hypothesis  i s  t h a t  5.6 ** 
Cer ta in ly  
A second f a c t o r  which tends t o  i n c r e a s e  t h e  conduct iv i ty  
* The appl ied  vo l t age  was 200kv/cm f o r  both aqueous s o l u t i o n s .  
The conduct iv i ty  difference i n c r e a s e s  w i t h  appl ied  f i e l d  
s t r e n g t h  i n  accordance w i t h  usua l  r e s u l t s  a s  t h e  electric 
f i e l d  i s  increased .  Fu r the r ,  nonaqueous s o l u t i o n s  are 
expected t o  e x h i b i t  much l a r g e r  d i f f e r e n c e s  w i t h  increased  
electric f i e l d  s t r e n g t h . 5 - 2  The f i e l d  s t r e n g t h  a t  t h e  
needle  i n  e l e c t r o s t a t i c  spraying experiments i s  es t imated  t o  
be on t h e  o rde r  of 105V/cm f o r  a l k v  appl ied  needle  p o t e n t i a l .  
Cf. R e f .  5.1.  
**However, t h e  author  f a i l e d  t o  mention whether t h e  high f i e l d  
conductance A exceeded t h a t  a t  i n f i n i t e  d i l u t i o n  A m .  Hence, 
he may have seen  t h e  increased  d i s s o c i a t i o n  of  ion-pa i rs ,  
f o r  which A .<Am5.6. 
5.6 
conduct by a "chain" mechanism. This phenomenon may be 
ope ra t ive  whenever pro tons  o r  hydroxyl i o n s  a r e  p r e s e n t  i n  
t h e  doping agent  f o r  g lycero l -so lva ted  systems. One suspec ts  
t h a t  t h e  e x t r a o r d i n a r i l y  l i n e a r  dependence of l og  qs on t h e  
needle  p o t e n t i a l  VN f o r  NaOH-glycerol s o l u t i o n s  i s  due t o  t h e  
fac t  t h a t  t h e  mechanism of conduction and d i s s o c i a t i o n  does 
no t  change wi th  increased  p o t e n t i a l .  This  mechanism - of 
whatever o r i g i n  - e v i d e n t a l l y  t akes  precedence over  o t h e r  
conduction means. Figure 5 . 2  (from Ref. 5 .9 )  g ives  a 
comparison of t h e  e l e c t r o s t a t i c  spraying behaviour of NaOH- 
g l y c e r o l  with t h a t  of o t h e r  p r o p e l l a n t s .  
versus  VN f o r  NaOH-glycerol i s  much s t e e p e r  than  f o r  t h e  o t h e r  
e l e c t r o l y t e s  with two except ions - NaI-glycerol and s u l f u r i c  
acid-glycerol .  
mechanism would exp la in  t h e  hydroxide and ac id  cases, b u t  t h e  
performance of NaI-glycerol i s  p e c u l i a r .  ( A s  f o r  t h e  o t h e r  
results given i n  Figure 5 . 2 ,  p a s t  s t u d i e s  of t h e  high f i e l d  
conduct iv i ty  of po lyva len t  e l e c t r o l y t e s  i n  aqueous s o l u t i o n s  
as compared t o  monovalent e l e c t r o l y t e s  a r e  i n  agreement w i t h  
t h e  r e l a t i v e  t r ends  seen t h e r e .  Polyvalen t  e l e c t r o l y t e s  have 
g r e a t e r  i nc reases  i n  conduct iv i ty  with increased  e lectr ic  
f i e l d 5 ' 6 . )  Work needs t o  be  done t o  confirm whether t h e  
increased  m o b i l i t i e s  of pro tons  and of hydroxide ions  i n  
g l y c e r o l  s o l u t i o n s  can be  acc red i t ed  t o  t h e  "chain" mechanism. 
The increased  m o b i l i t i e s  of t h e s e  ions  i n  aqueous s o l u t i o n  
have been shown experimental ly  t o  be t h e  r e s u l t  of such a 
mechanism. Fur the r ,  no experiment has ,  a s  y e t ,  been run on 
t h e  NaOH-glycerol and t h e  s u l f u r i c  ac id-g lycero l  systems t o  
e s t a b l i s h  t h e  dependence of t h e  a c t u a l  conduct iv i ty  on t h e  
appl ied  e lectr ic  f i e l d  s t r e n g t h .  
The s l o p e  of log qs 
Increased conduct iv i ty  due t o  t h e  "chain" 
Another f a c e t  of e l e c t r o s t a t i c  spaying i n  which f u r t h e r  
knowledge of e l e c t r o l y t i c  s o l u t i o n  behaviour may a i d  i n  
a n a l y s i s  i s  t h e  i n e q u a l i t y  i n  t h e  performance of most 
p rope l l an t s  as needle  vo l t age  p o l a r i t y  i s  changea. This 
problem i s  e s p e c i a l l y  important  i n  t h e  development of b i p o l a r  
t h r u s t o r s .  D i f f i c u l t i e s  s p e c i f i c  t o  t h i s  research  area include:  
5.7 
N 
c 
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Cases of 
t h e  tendency of c e r t a i n  i o n i c  spec ie s  t o  be 
reduced a t  t h e  needle ,  producing e i t h e r  a gas  
which l eads  t o  a rc ing  i n s t a b i l i t i e s  o r  a needle- 
clogging d e p o s i t  
s o l v a t i o n ,  complexation, and i o n  n e u t r a l i z a t i o n  
phenomena which prevent ,  o r  impede, t h e  
. formation of charged p a r t i c l e s  a t  one needle  
a l l  t h e s e  s i t u a t i o n s  have been found. One such i s  
p o l a r i t y .  
t h a t  
of s i l v e r  n i t r a t e  i n  g lycero l -g lycol  '*lo. 
charged p a r t i c l e s  can be formed f o r  s i l v e r  n i t r a t e - g l y c e r o l  
f o r  both needle  vo l t age  p o l a r i t i e s  below 3kv 5m10. But, f o r  
AgNO3-g1ycol and AgN03-glycol s o l u t i o n s ,  d c  (Mode 111) spraying 
occurs  only f o r  nega t ive  needle  p o t e n t i a l s  below 3kv i n  
magnitude 5*10. 
NaI-glycerol. : "Extended examination of NaI/glycerol revealed 
t h a t  t h i s  f l u i d  w a s  n o t  capable of producing a DC beam a t  
negat ive p o t e n t i a l s  115*  '. 
of Na' ions  i s  hindered by t h e  f a c t  t h a t  the e l e c t r o n  i n  t h e  
m e t a l  i s  a t  a lower energy than it would be i f  it w e r e  
t r a n s f e r r e d  t o  t h e  sodium ion5". 
from t h i s  phenomenon. But, is  such an explana t ion  app l i cab le  
t o  t h e  AgN03-glycol r e s u l t ?  
e i t h e r  Ag' o r  NO3 
g lyco l  and g lyce r ine  systems, i n  which s o l v a t i o n  of t h e s e  i o n s  
should be s i m i l a r .  Nevertheless ,  measurements of t h e  t r ans -  
A dc beam of 
Fa s i m i l a r  f a i l u r e  has  a l s o  been noted f o r  
For NaI-glycerol,  t h e  n e u t r a l i z a t i o n  
Hence, t h e  f a i l u r e  may s t e m  
The e a s e  of n e u t r a l i z a t i o n  of 
should n o t  d i f f e r  s i g n i f i c a n t l y  f o r  t h e  
- 
fe rence  numbers of s i l v e r  i o n  and n i t r a t e  i o n  i n  t h e s e  var ious  
so lven t s  w e r e  made t o  determine whether t h e r e  are s i g n i f i c a n t  
d i f f e rences  i n  t h e i r  degree of so lva t ion .  (A reduct ion  i n  
mobi l i ty  ( o r  t r ans fe rence  number) f o r  a given i o n  i s  i n d i c a t i v e  
of t h e  tendency t o  maintain a s o l v e n t  s h e l l  during migrat ion 
or t o  form complexes with t h e  counter ions . )  
* 
Our i n i t i a l  r e s u l t s  
* A t  l o w  electric f i e l d s  i n  aqueous s o l u t i o n s ,  a 50% reduct ion  
i n  i o n i c  mobi l i ty  has been found f o r  so lva ted  l i t h i u m  ion.  
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f o r  t h e  t r ans fe rence  numbers of s i l v e r  ion  and n i t r a t e  i on  
w e r e  : 
* 
(1) t, = 0.57, O . 1 l N  AgN03 i n  g lyce ro l :  
(2)  t, = 0 . 4 8 ,  0 . 0 6 N  AgN03 i n  g lycol .  
(The p o s s i b i l i t y  t h a t  s i l v e r  i o n  o r  n i t r a t e  ion  t r a n s f e r r e d  a 
so lven t  s h e l l  w a s  considered i n  the  experimental  approach, so  
t h a t  'Itrue" t r ans fe rence  numbers w e r e  obtained.  ) From t h e  
t r ans fe rence  number f o r  s i l v e r  i o n  i n  g lyco l ,  it appears t h a t  
t h e  n i t r a t e  ion  has a g r e a t e r  mobi l i ty  than t h e  s i l v e r  i on ,  
whereas t h e  r eve r se  i s  t r u e  i n  g lyce ro l .  Hence, t h e  r e l a t i v e  
mobi l i ty  of t h e  s i l v e r  i on  i s  more a f f e c t e d  by t h e  change i n  
so lvent .  A determinat ion of t h e  average number of so lven t  
molecules migrat ing wi th  a given ion  f o r  t h e s e  var ious  s o l u t i o n s  
i s  needed t o  a s c e r t a i n  more p r e c i s e l y  t h e  changes i n  degrees  
of s o l v a t i o n  wi th  s o l v e n t  f o r  t h e  two i o n i c  spec ies .  Methods 
a r e  known f o r  making such a measurement a t  low e lec t r ic  f i e l d s ,  
I n  gene ra l ,  f u r t h e r  s tudy should be made of t h e  e f f e c t s  of 
s i m i l a r  so lven t s  on t h e  a b i l i t y  of a given s a l t  ( i n  s o l u t i o n )  
t o  give r ise t o  a dc  charged p a r t i c l e  beam. 
F i n a l l y ,  t h e  i n e f f i c i e n c y  i n  charged d r o p l e t  genera t ion  
which arises during d r o p l e t  formation must s t e m  from energy 
consumed i n  one of t h e  fol lowing processes:  
(1) charge grouping t o  form a mill t iply-charged d r o p l e t  
(from Faraday cage experiments it i s  known t h a t  
t h e s e  p a r t i c l e s  are so charged 1 5.1,5.2 
* I t  should be noted t h a t  t h e s e  measurements of t h e  
t r ans fe rence  numbers ( o r  r e l a t i v e  m o b i l i t i e s )  of t h e  i o n s  
w e r e  made a t  low f i e l d  s t r eng th .  No method e x i s t s  a t  
p r e s e n t  t o  d i s t i n g u i s h  t h e  mobi l i ty  of t h e  i n d i v i d u a l  
types of i o n i c  spec ie s  a t  high electric f i e l d  s t r e n g t h s .  
I n  organic  s o l u t i o n s ,  where very l a r g e  dependencies ( o f t e n  
200% o r  g r e a t e r  increases f o r  moderate f i e l d  s t r e n g t h s  
(Ref. 5.2, 5.6, 5 . 6 ) )  of t h e  conduct iv i ty  on appl ied  e lec t r ic  
f i e l d  a r e  observed, knowledge of t h e  i n d i v i d u a l  m o b i l i t i e s  
could be of prime importance t o  e l e c t r o s t a t i c  spraying 
a n a l y s i s .  I n  f a c t ,  it has been found t h a t  " i f  t h e  ion  
being n e u t r a l i z e d  had a h igher  mobi l i ty  than t h e  ion  e j e c t e d  
from t h e  c a p i l l a r y ,  then much b e t t e r  s p e c i f i c  charge 
d i s t r i b u t i o n s  r e s u l t e d . .  . *I9 
e v i d e n t a l l y  ex t r apo la t ed  from "ze ro - f i e ld"  t r ans fe rence  
number measurements. ) 
(These  m o b i l i t i e s  w e r e  
5.9 
( 2 )  J o u l e  hea t ing  
( 3 )  e x t r a c t i o n  of t h e  charged c o l l o i d  p a r t i c l e  from 
( 4 )  f i e l d  d i s t o r t i o n .  
t h e  fluid-vacuum i n t e r f a c e  
Such " i n t r i n s i c "  i n e f f i c i e n c y  has  been measured by u t i l i z i n g  
a r e t a r d i n g  p o t e n t i a l  method t o  determine t h e  " a c t u a l "  k i n e t i c  
energy of charged p a r t i c l e s  as a func t ion  of appl ied  needle  
vo l t age  5*11. A 23% energy loss w a s  " cons i s t en t ly"  noted. 
Such a l a r g e  energy loss i s  "of t h e  o rde r  of t h e  molecular 
formation energy of t h e  g l y c e r o l  i t s e l f "  5*11. * 
mechanism can be  found t o  exp la in  t h i s  l a r g e  an energy loss 
Hence, it w a s  suggested t h a t  p a r t  of t h e  "energy" loss i s  
a c t u a l l y  due t o  evaporat ion.  (The experiment performed could 
no t  d i s t i n g u i s h  between such m a s s  and energy l o s s e s . )  I t  
seems necessary t o  hypothesize f u r t h e r  t h a t  t h e r e  i s  an 
" in t ense  l o c a l  h e a t i n g  of t h e  g lyce ro l  d r o p l e t s  which then 
p a r t i a l l y  evaporate  i n  f l i g h t "  5 .11 . 
N o  d i s s i p a t i v e  
5.11 
The hea t ing ,  i f  occur r ing ,  
must be due t o  migrat ion of t h e  i o n s  i n  the  electric f i e l d .  
I f  so,  f o r  a f i x e d  needle  p o t e n t i a l ,  p r o p e l l a n t s  having d i f f e r e n t  
c o n d u c t i v i t i e s  should produce d i f f e r i n g  amounts of Jou le  heat ing.  
The breakage of so lvent -so lvent  bonds i n  t h e  e x t r a c t i o n  of t h e  
d r o p l e t ,  on t h e  o t h e r  hand, reduces t h e  h e a t  conten t  of t h e  
l i q u i d .  S i m i l a r l y ,  n e i t h e r  t h e  energy consumed i n  moving 
charges i n t o  t h e  reg ion  of mul t ip l e  l i k e  charges ,  nor  t h a t  l o s t  
due t o  f i e l d  d i s t o r t i o n  would r e s u l t  i n  hea t ing  inc rease .  Thus, 
it i s  c r i t i c a l  t h a t  t h e  degree of evaporat ion of p a r t i c l e s  i n  
f l i g h t  be determined. This degree of evaporat ion could be 
increased  by hea t ing  t h e  needle  o r  poss ib ly  by bombarding t h e  
p a r t i c l e s  wi th  l i g h t  from an i n t e n s e  source.  A g r e a t e r  "energy" 
loss should then be observed with t h e  r e t a r d i n g  f i e l d  method. 
** 
* AH(formation) f o r  g l y c e r o l  = 159.8 kcal/mole. Unfortunately,  
d a t a  f o r  t h e  experiment under cons idera t ion  w e r e  omit ted 
i n  Reference 5.11. 
** A l s o ,  measurements of t h e  absolu te  m a s s  loss  could be made 
wi th  a Faraday cage i n  conjunction with a r e t a r d i n g  p o t e n t i a l  
f o r  p a r t i c l e s  of q s 1 0 0  coul/kg. A t h r u s t  balance could be 
used f o r  a mul t ip lg  needle  arrangement. 
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T o  o b t a i n  an o r d e r  of magnitude estimate of t h e  pre- 
d rop le t - ex t r ac t ion  energy lo s s ,  one could apply a high 
p o t e n t i a l  p u l s e  t o  t h e  needle  of du ra t ion  s h o r t e r  than t h a t  
of t h e  d r o p l e t  formation t i m e .  (The d r o p l e t  formation t i m e  
is  on t h e  o rde r  of  microsecond^^'^.) 
s o l u t i o n  w i l l  be g r e a t e r  f o r  such a s h o r t  vo l tage  pu l se  due 
t o  t h e  f a c t  t h a t  t he  s o l u t i o n  has  a f i n i t e  alignment t i m e  . 
This energy loss would be  equal  t o  t h e  i n t e g r a l  of t h e  product  
of t h e  c u r r e n t  f lowing t o  t h e  needle  and t h e  appl ied  vol tage  
a t  a p a r t i c u l a r  i n s t a n t  of t i m e ,  i n t e g r a t e d  over t h e  pe r iod  
of a vo l t age  pulse .  Some c u r r e n t  must f low s i n c e  t h e  charges 
a r e  separa ted  and n e u t r a l i z e d  p r i o r  t o  d r o p l e t  e x t r a c t i o n .  
The vo l t age  pu l se  technique may a l s o  provide information on 
Jou le  hea t ing .  Such hea t ing  of e l e c t r o l y t i c  s o l u t i o n s  under 
high appl ied  e lec t r ic  f i e l d s  has been de tec t ed  even f o r  high 
vol tage  pu l ses  of microsecond dura t ion”  ‘. 
lowers t h e  r e s i s t i v i t y  of t h e  s o l u t i o n  and should be d e t e c t a b l e  
as  a rise i n  needle  c u r r e n t  f low w i t h  t i m e  f o r  a given appl ied  
needle vol tage  (of p u l s e  du ra t ion )  
The r e s i s t i v i t y  of t h e  
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This hea t ing  
F i e l d  d i s t o r t i o n  a l s o  appears t o  be a p o s s i b l e  problem. 
Analysis of it can b e s t  be  handled by comparing t h e  qs of ions  
a s  measured by t ime-of - f l igh t  and quadxuple mass spectrometers.  
* 
I n  summary, s e v e r a l  a r e a s  i n  charged c o l l o i d  genera t ion  
research  have been considered i n  which f u r t h e r  knowledge of 
e l e c t r o l y t i c  s o l u t i o n  c h a r a c t e r i s t i c s  a t  high e lec t r ic  f i e l d s  
could be u t i l i z e d .  More d e t a i l e d  information on t h e  types of 
i o n i c  s p e c i e s ,  and t h e i r  r e s p e c t i v e  m o b i l i t i e s  under high f i e l d  
condi t ions ,  should l ead  t o  g r e a t e r  understanding of t h e  o r i g i n  
of beam i n e f f i c i e n c i e s .  Such information should a i d  i n  t h e  
s e l e c t i o n  of p r o p e l l a n t s  having high beam e f f i c i e n c i e s  as  w e l l  
a s  high charge-to-mass r a t i o s .  I n  a d d i t i o n ,  f u r t h e r  experiments 
on t h e  o v e r a l l  high f i e l d  conduct iv i ty  of doped organic  
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a q, of 5 9 0 , 0 0 0  coul/kg ( R e f .  5 . 4 )  -- 13% i s  too  high f o r  an 
i o n  composed of two molecules of g lyce ro l .  F i e l d  d i s t o r t i o n  
could expla in  t h e  discrepancy. 
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s o l u t i o n s  a r e  needed. The i n e f f i c i e n c y  of t h e  d r o p l e t  
e x t r a c t i o n  process  may also be t r a c e a b l e  t o  J o u l e  hea t ing  
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FIG. 5.1 (From R e f .  5.5f page 5 ) .  
t 
FIG. 5.2 (From Ref. 5.9, pages 32-33) S p e c i f i c  Charge 
vs. C a p i l l a r y  P o t e n t i a l .  
Parameters f o r  Curves: 
Curve So lu t ion  
A f B  15g N a I / 1 0 0  m l  g l y c e r o l  
C f D f E , F  1.6g NaC1/100 m l  g l y c e r o l  
G 
H 0.78g 6 a C l / l O O  m l  t e t r a e t h y l e n e g l y c o l  
I 0.35g NaOH/50 m l  g l y c e r o l  
J 20g NaI/50 m l  g l y c e r o l  
K 0.3ml H2S04/50 m l  g l y c e r o l  
L 1.5gMgCI2-6H20/50 m l  g l y c e r o l  
M 20g ~ n ~ 1 2 / 5 0  m l  g l y c e r o l  
5 m l  H SO4/lOO m l  g l y c e r o l  
